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Abstract 
Endothelial permeability to circulating macromolecules and patterns of haemodynamic wall 
shear stress both vary from site to site within the arterial system. Influences of local blood 
flow on macromolecule transport across the endothelium may account for the patchy nature 
of atherosclerosis, but the routes for such transport and their modification by flow are highly 
controversial. The current consensus attributes the site specific formation of atherosclerotic 
lesions within the vasculature to low and oscillatory hemodynamic wall shear stress. 
However, effects of multidirectional shear stress, which occur in lesion prone regions, are not 
fully understood.  
An orbital shaker was utilised to impose chronic multidirectional shear stresses on cultured 
porcine aortic endothelial cells grown in multi-well plates. The orbital motion induced a wave 
of culture medium which rotated around the well. The shear stresses experienced by the 
endothelial cells at each location on the bottom of the well and at each time during the orbit 
were obtained using numerical methods. Spatially-resolved measurements of permeability 
were made by using molecular recognition between the substrate underneath the cells and 
different sized tracers initially placed above them. The tracer bound to the substrate once it 
was transported through the monolayer, and was detected by confocal microscopy. 
Numerical methods revealed cells at the centre of the well experienced multidirectional shear 
stress whereas cells at the edge were subjected to uniaxial shear stress. The transport routes of 
macromolecules through the monolayer were dependent on size of the macromolecules and 
their modification by different shear stress characteristics also varied.  
Chronic multidirectional shear stress appears to be proatherogenic, priming endothelial cell 
for inflammation and affecting the barrier function of the monolayer. Combining spatially-
resolved measurements of permeability with the orbital shaker model to study the effects of 
chronic multidirectional flow will be a useful model for further in vitro studies. 
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1.1 Overview 
An adult human has roughly 1 to 6x1013 endothelial cells in the body and these endothelial 
cells combined, cover a surface area of 1 to 7m2 (Augustin et al. 1994). Endothelial cells line 
every vessel in the body and creates a barrier between the flowing blood and the surrounding 
tissues. Endothelial cells control the passage of numerous molecules and the behaviour of 
blood cells. The passage of molecules is controlled by cell-cell or cell-matrix interactions and 
membrane bound receptors. Blood cells can be controlled by endothelial cells generating 
specific markers on their membrane leading to alterations of the blood cells functions. For 
example, endothelial cells in areas of inflammation along the vasculature react to produce a 
prothrombotic and anti-fibrinolytic environment. Blood flow can be influenced by secretion 
and uptake of vasoactive substances by the endothelial cells which results in the dilatation or 
constriction of specific vascular beds. These endothelial cells work together to form the 
endothelium which is viewed as dynamic organ which controls and responds to 
environmental changes within the vasculature. Considering the crucial role of endothelial 
cells, dysfunctional endothelial cells result in the pathogenesis of numerous diseases such as 
heart disease, hypertension, diabetes, thrombosis and more. 
Our understanding of endothelial cells has largely come from in vitro studies due to the 
difficulty of accessing the endothelial cells in situ. Endothelial cells in vivo are subjected to 
chronic and dynamic mechanical forces which are produced by the blood flowing over them 
and by cyclic stretch. Many groups have attempted to study the endothelial cells in relation to 
mechanical stimuli and shear stress (caused by the friction of the blood moving over the 
endothelial cell surface) has been identified as an important regulator of endothelial cell 
function (Malek et al. 1999; Davies 2009; Resnick et al. 2003). However, despite the 
knowledge of the environment of endothelial cells in vivo, many studies of endothelial cells 
15 
 
are carried out under static conditions or with acute shear stress which is not indicative of the 
mechanical stimuli found in vivo. Additionally, hemodynamic shear stress characteristic 
which are linked to endothelial dysfunction are often described as ‘disturbed’, usually taken 
to describe complex shear stress characteristics and often identified using the low mean wall 
shear stress measure established by Caro et al. in 1971 or by high oscillartory shear index 
values, proposed by Ku et al. in 1985 that measures the degree of flow reversal and cannot 
distinguish between multidirectional and unidirectional flow. Taking into account of these 
limitations from previous studies, I have utilised the orbital shaker to chronically expose 
endothelial cells to a range of multidirectional shear stress characteristics to investigate 
endothelial morphology, alignment, upregulation of a transcription factor and permeability to 
different sized molecules. Results demonstrated the importance of multidirectional shear 
stress vectors on the endothelium and suggests that endothelial cells are sensitive to the 
direction of the flow. 
1.2 Barrier function of the endothelial cell 
In 1628, William Harvey gave the first descriptions of circulating blood and Malphigi 
reported on the separation of tissue and blood, including the existence of a network of 
vessels. In the 1800s endothelial cells were observed to line the blood vessels and were 
termed the endothelium by Wilhelm His. In 1891, Heidenhahn proposed the endothelium to 
be an active secretory cell system but this idea was dismissed due to Starling’s law of 
capillary exchange which was presented in 1896. The endothelium was viewed as a static 
physical barrier until the 1950s where electron microscope studies of vessel walls and studies 
reporting the interactions of lymphocytes and endothelium of capillary venules were 
described. This was followed by numerous other studies which led to the current view of the 
endothelium as a dynamic organ (Fishman 1982; Aird 2007). 
16 
 
The endothelium acts as a barrier between the blood and the surrounding tissues of the 
vessel. It controls the movement of molecules, ions and water to and from the underlying 
tissues. The endothelial cells come together to create a barrier by attaching to neighbouring 
endothelial cells. These junctions are formed of tight junctions, adherens junctions and gap 
junctions. A gap junction is formed by a pair of transmembrane proteins called connexins. 
Endothelial cells express three forms of connexins, Cx37, Cx40 and Cx43. They are thought 
to allow for the exchange of signals between endothelial cells and to underlying smooth 
muscle cells, allowing for the communication between the cells (Carter et al. 1996; Beyer et 
al. 2000; Kwak et al. 2001; Evans & Martin). 
Permeability of the endothelium is understood to be controlled by tight junctions and 
adherens junctions. Tight junctions make up 20% of the total junctional complexes present on 
the endothelial cell. These tight junctions are made up of claudins, junctional adhesion 
molecules (JAM) and occludins. The organisation of tight junctions varies along the 
vasculature with arterial segments usually containing two to seven well connected and 
developed tight junctions compared to the venular sections which have only one to three 
discontinuous tight junctions between adjacent endothelial cell clefts. The exact functions of 
occludin are not clear but it is thought to stabilise the tight junctions as removal of the NH2-
terminal region of occludin resulted in the tight junctions becoming leaky (Bamforth et al. 
1999; Huber et al. 2000; Bazzoni 2006). Claudins bind to each other to form tight junctions 
and overexpression of claudin in fibroblasts resulted in tight junctions coupled with increased 
association of occludin suggesting claudins are important regulators for tight junction 
assembly (Furuse et al. 1998; Furuse et al. 1999; Tsukita & Furuse 2000). Junctional 
adhesion molecules (JAM) are also found in the intercellular junctions and is thought to play 
a role in regulating monocyte transmigration (Martìn-Padura et al. 1998; Schmitt et al. 2014).  
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Adherens junctions consists of vascular endothelial (VE)-cadherin as the major 
structural protein. It is required to facilitate the binding and adhesion of neighbouring cells. 
Adherens junctions bind to catenins in the cell and organise actin distribution and are 
involved in cell movement (Lampugnani & Dejana 2007).  The disruption of the cadherin 
proteins by the use of VE-cadherin antibodies has been shown to increase endothelial 
permeability to macromolecules (Gotsch et al. 1997; Hordijk et al. 1999; Corada et al. 2001). 
Another molecule that is part of the adherens junctions is the platelet-endothelial cell 
adhesion molecule (PECAM-1), which is a transmembrane protein (Ayalon et al. 1994). 
These two molecules act together to regulate the permeability of the cell when influence by a 
range of stimuli, including mechanical and inflammatory mediators (Tzima et al. 2005). 
 
Figure 1 Structural organization of endothelial cell intercellular junctions. Adapted from 
Mehta and Malik 2006. Figure also shows integrin receptors linking endothelial cells with 
ECM through matrix proteins such as fibronectin (FN) or vitronectin (VN). The cytosolic 
domains of integrins are linked with actin cytoskeleton through proteins talin and vinculin 
(Vin). MMPs (membrane metalloproteases) are also shown, they are known to control 
remodeling of ECM.   
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Another physical barrier to macromolecule transport is the glycocalyx. This is formed 
of proteoglycans and glycoproteins fixed on the cell membrane (Figure 2). The proteoglycans 
have glycosaminoglycan side-chains which have a negative charge and therefore prevent or 
limit negatively charged plasma proteins coming in contact with the cell surface (Reitsma et 
al. 2007; Curry & Adamson 2012). 
Macromolecules can also permeate the endothelial monolayer transcellularly. Vesicle 
mediated endocytosis at the surface of the endothelium transports molecules to the basolateral 
membrane or clusters of connecter vesiculo-vacuolar organelles (VVO) can establish tunnels 
connecting the surface of the cell to the basolateral membrane. The diameter of the VVOs are 
estimated to be 80-200nm in diameter (Kohn et al. 1992; Dvorak et al. 1996; Dvorak & Feng 
2001). Vesicle mediated endocytosis is facilitated by flask-shaped pits which are present on 
the membrane of the endothelial cell. These pits are coated with clathrin or embedded with 
caveolin in the walls of the pits (Parton & Simons 2007; McMahon & Boucrot 2011). 
Clathrin mediated endocytosis was reported to transport insulin (Azizi et al. 2015) and 
caveolae were reported to regulate endothelial permeability of albumin and transcytosis of 
fluorescently labelled low-density lipoproteins (LDL) (Tiruppathi et al. 1997; Pavlides et al. 
2014). 
1.3 Endothelial cells in Atherosclerosis 
Atherosclerosis is a chronic inflammatory disease (Berliner et al. 1995; Lusis 2000). It is 
characterized by thickening of the walls of large and medium-sized arteries due to the 
accumulation of intra- and extracellular lipids, fibrous tissue growth and accumulation of 
foam cells. In the late phases, cholesterol rich regions are encapsulated in a dense fibrous 
matrix and have deposits of calcium build up. The problematic outcomes of atherosclerosis 
become apparent after it causes the development of a thrombus, and is the main cause of 
19 
 
cardiovascular diseases, such as stroke and myocardial infarction (Dzau 1990; Libby & 
Theroux 2005; Burke & Virmani 2007). During the early phases of atherosclerosis, streak 
like lesions comprising intimal accumulations of cholesterol-filled macrophages form as 
cholesterol-carrying low density lipoproteins and monocytes, which differentiate into 
macrophages, build up under the endothelium. These lesions occur in large and medium-sized 
arteries and with the combined influence of anatomical, physiological and behavioural risk 
factors.  The macrophages engulf the underlying lipids when they have been oxidised or 
otherwise modified and develop into foam cells, and thus build up within the vessel wall 
causing the lesion to grow. This cycle continues and the lesion grows as the endothelial cells 
become more inflamed, and therefore recruits more monocytes to the area. This constant 
build up results in fibrous tissue development, and the lesion expands and restricts the area of 
the lumen. This can cause stenosis and alter the blood flow pattern around the plaque (Ross 
1993; Ross 1999). The lesion can continue to grow and further impede the blood flow in the 
artery or rupture, releasing lipid-rich necrotic debris into the blood. The exposure of the 
debris and tissue components to the blood causes a cascade of reactions resulting in the blood 
to clot and entirely obstructing the vessel at the location of the rupture or further downstream 
if the thrombus embolises (Davies 1996). 
Lesions were shown to express inflammatory markers and vasodilation/constriction 
experiments in animal models suggested reduced levels of endothelial derived nitric oxide 
(NO) indicating endothelial dysfunction (Ludmer et al. 1986; Cybulsky & Gimbrone 1991; 
O’Brien et al. 1993; Iiyama et al. 1999; d’Uscio et al. 2001). This cellular inflammation of 
the endothelium is thought to be the primary step for atherogensis, leading to increased 
permeability to macromolecules and accumulation under the endothelium. Inflammation of 
the endothelium also results in the increased expression of adhesion molecules such as 
vascular cell adhesion molecule-1 (VECAM-1), intercellular adhesion molecule-1 (ICAM-1) 
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and monocyte chemoattactant protein-1 (MCP-1). These adhesion molecules allow for the 
recruitment and transmigration of leukocytes underneath the endothelium and results in 
atherogenesis when the leukocytes become trapped (Libby, 2002; Tedgui & Mallat, 2001). 
1.4 Flow and endothelial cells 
The non-random occurrence of fatty streaks within the vasculature led to the suggestion of a 
relationship between hemodynamics and atherosclerosis (Caro et al. 1971; Ross 1993; Cai & 
Harrison 2000). Detailed experimental and computational investigations of the blood flow 
reported complex flow patterns occurred at lesion prone regions (Giddens et al. 1993; 
Steinman 2004; Chiu & Chien 2011).  
The flow of blood over the endothelial cells in the vessels induces mechanical forces 
on the cells. The force per unit area exerted parallel to the surface is known as shear stress. In 
straight segments of vessels, the shear stress is relatively uniform in magnitude and direction. 
In vessels which are curved or bifurcated, the shear stresses experienced by the endothelial 
cells can be non-uniform in magnitude and multidirectional. This complex shear stress profile 
on curved or bifurcated vessel walls has been linked to atherogensesis and the vague term 
‘disturbed flow’ is regularly used to describe the flow within these regions. Studies have 
reported the correlation of lesions with regions of disturbed flow on the arterial vasculature. 
Animal models have been used to demonstrate the localisation of lesions with regions 
(Fredrick Cornhill & Roach 1976; Staughton et al. 2001; Winkel et al. 2015). Furthermore 
disturbed flow patterns in the human carotid bifurcations (Gnasso et al. 1997; Carallo et al. 
1999), branch points of the coronary (Asakura & Karino 1990; Stone et al. 2007) and the 
aortic arch (Caro et al. 1969; Kilner et al. 1993) were suggested to correlate with 
atherosclerotic lesions.  
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To quantify the degree of disturbed flow in the vessel walls, studies utilise shear stress 
metrics. Currently there is no metric which can fully describe the ‘disturbed’ shear stress 
profile. However, some useful shear stress metrics are used to define the shear stress 
characteristics at the vessel walls: time averaged wall shear stress (TAWSS), magnitude of 
the mean wall shear stress (MagMeanWSS), oscillatory shear index (OSI) and transverse 
WSS (transWSS).  
TAWSS is the average of the magnitudes of the instantaneous WSS vectors (τ⃗ w), whereas 
the MagMeanWSS is the magnitude of the average of the τ⃗ w vectors:  
 
TAWSS =
1
T
 ∫ |𝜏 𝑤|dt
T
0
, where       |τ⃗ w| ≡ √τw;x2 + τw;y2 + τw;z2  
 
MagMeanWSS = |τ⃗ mean|,      where        τ⃗ mean =
1
T
 ∫ τ⃗ wdt
T
0
 
 
where t represents time and T is the duration of the cycle. Note that τw;z
2  =0 due to the no-slip 
boundary condition and continuity equation. For flow of constant speed that is oriented in the 
positive x direction for half the cycle and the negative x direction for the other half of the 
cycle, TAWSS would be nonzero, whereas MagMeanWSS would be zero.  
 
The OSI  compares MagMeanWSS to TAWSS, whereas transWSS is the time-average of 
WSS components perpendicular to the mean direction (Ku et al. 1985; Peiffer et al. 2013a): 
 
OSI ≡  
1
2
(1 −
|∫ τ⃗ wdt
T
0
|
∫ |τ⃗ w|dt
T
0
) =
1
2
(1 −
MagMeanWSS
TAWSS
) 
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transWSS =  
1
T
∫ |τ⃗ w ∙ (𝑒 𝑧 ×
∫ τ⃗ wdt
T
0
|∫ τ⃗ wdt
T
0
|
)|
T
0
dt ≡  
1
T
∫ |τ⃗ w ∙ (𝑒 𝑧 ×
τ⃗ mean
|τ⃗ mean|
)|
T
0
dt 
 
where e⃗ z is the vertical unit vector perpendicular to the well base.  
For flow of constant speed in the positive x direction for half of the cycle and the 
negative x direction for the other half of the cycle, the OSI would be 0.5 since 
MagMeanWSS = 0. The transWSS would be indeterminate in this artificial case because 
there is no mean flow direction; however, if the flow were slightly greater in the positive 
than the negative x direction, allowing a mean to be defined, then the transWSS would be 
zero since there are no components perpendicular to the mean direction.  
Currently the term disturbed flow has become synonymous with low WSS and 
oscillatory WSS as lesions are regularly reported to be observed in the outer curvatures of 
bifurcations where the WSS is low in magnitude and oscillatory (Wentzel et al. 2012). 
However, this consensus has been challenged by Peiffer et al and lead to the proposal of the 
transverse WSS metric (Peiffer et al. 2013a; Peiffer et al. 2013b). TransWSS is the time-
average of WSS vectors perpendicular to the mean direction, this allows the metric to capture 
the multidirectionality of the WSS vectors unlike TAWSS and OSI, which was reported to be 
an important factor in the regulation of endothelial cells (Wang et al. 2013a). These shear 
stress metrics have become a useful tool to estimate the shear stress characteristics in vivo 
with many studies reporting on the differences in the shear stress characteristics along the 
vasculature (Peiffer et al. 2013b). 
Experiments utilising fluid mechanical devices and cultured endothelial cells 
indicated mechanical forces of the fluid could influence the endothelial morphology, 
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alignment and cytoskeleton organisation (Wong et al. 1983; Remuzzi et al. 1984; M J 
Levesque & Nerem 1985; Koo et al. 2013; Morgan et al. 2011).  Endothelial cells which were 
exposed to laminar shear stress showed similarities to cells found in regions that did not 
develop lesions and endothelial cells that were exposed to complex and non-laminar flows 
expressed similar properties to those found in lesion prone sites in vivo: they were reported to 
have increased cell turnover and senescence, alterations in the junctional proteins and higher 
oxidative stress which were comparable to endothelial cells found in lesion prone sites 
(Gabriels & Paul 1998; DePaola et al. 1999; Wang et al. 2013a; Warboys et al. 2014). 
Endothelial genes involved in thrombosis and inflammation were also shown to be influenced 
by flow (Diamond et al. 1990; Takada et al. 1994; Shyy et al. 1994; Ohno et al. 1995; Lin et 
al. 1997; Davis et al. 2004; Tabas et al. 2015; Korenaga et al. 1997). Staining of rat aortas 
showed lesion prone areas to have less distinct VE-cadherin staining around the endothelial 
cell borders compared to the descending thoracic aorta and in vitro studies reported 
endothelial cells exposed to six hours of low or high shear stress, pulsatile shear stress also 
reduced VE-cadherin expression. Prolonged exposure (>24h) of cells to the pulsatile high 
shear stress caused the VE-cadherin to reappear (Miao et al. 2005). Endothelial cells exposed 
to disturbed flow have shown to be circular and the cortical actin filaments were located 
mainly at the periphery of the cells whereas cells exposed to laminar flow with high shear 
stress aligned in the direction of the flow and exhibited very long  actin stress fibre formation 
(Chiu et al. 1998; DePaola et al. 1999). Effects of disturbed flow on endothelial cell 
signalling and gene expression have also been reported. Genomic studies of endothelial cells 
obtained from disturbed flow and laminar flow regions expressed different genes (Davies et 
al. 1999; Dai et al. 2004; Brooks et al.). Endothelial cells exposed to disturbed flow were 
shown to have increased levels of nucler factor-κB (NF-κB), and increased expression of 
ICAM-1 and E-selectin (Chiu et al. 2003). Furthermore, endothelial cells exposed to 
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disturbed flow were reported to recruit monocytes whereas high shear stress with laminar 
flow inhibited the adhesion on monocytes (Chiu et al. 2003). Co-cultures of endothelial cells 
with smooth muscle cells showed similar results, the adhesion and transmigration of 
monocytes were increased with disturbed flow (Chen et al. 2006).  
Numerous studies have reported how endothelial cells respond to shear stress but the 
mechanism by which the cells sense shear stress is not fully understood, including the 
mechanism by which endothelial cells sense the direction of the flow. The adhesion receptor 
platelet endothelial cell adhesion molecule (PECAM-1), VE-cadherin and vascular 
endothelial growth factor receptor 2 (VEGF2R) have been reported to form a mechanosensor 
complex. Tzima et al reported PECAM-1 directly sensed mechanical forces leading to VE-
cadherin to act as an adaptor to bring PECAM-1 into contact with VEGFR2. VEGFR2 is 
phosphorylated by a src kinase which initiates a signalling cascade through the 
phosphoinositide 3-kinase pathway (Tzima et al. 2005).  
The glycocalyx has also been reported to be a mechanosensor: the removal of the 
glycocalyx has shown to diminish the effects of fluid shear stress (Tarbell & Pahakis 2006; 
Weinbaum et al. 2007). A detailed image of the glycocalyx is shown in Figure 2. The 
cytoskeleton, which has an important role in altering cell shape in response to shear has been 
suggested as a mechanotransducer. Shear stress was shown to activate endothelial nitric oxide 
synthase (eNOS) and endothelin-1 gene expression via actin, the intermediate filament 
vimentin and the microtubule network (Morita et al. 1993; Loufrani & Henrion 2008). Some 
suggest that the cytoskeleton of the cells senses the flow due the deformation of the cell and 
this results in the deformation of the nucleus leading to the transcription factor recruitment 
(Ingber 2003). Interestingly, the protein nesprin-3 from the linker of nucleus and cytoskeleton 
complexes (LINC) has not only been shown to regulate endothelial morphology but also 
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reported to be required for cell migration of human aortic endothelial cells in response to 
flow (Morgan et al. 2011). The nucleus of the cell has also been suggested as a potential 
mechanosensor whereby force induced unfolding of the nuclear proteins can reveal binding 
sites, promote protein-protein interactions and phosphorylate specific nuclear envelope 
components (Fedorchak et al. 2014). Furthermore the nucleus of endothelial cells have been 
shown to sense the direction and strength of the blood flow through the drag applied to the 
nuclei (Tkachenko et al. 2013). 
Endothelial primary cilia have also shown to be mechanosensors, these protruding 
structures on the apical membrane of the cell act as antennas to sense and transduce the 
extracellular fluid shear into biochemical signals inside the endothelial cells (Nauli et al. 
2008). Primary cilia have been reported to be non-uniformly distributed in the mouse aorta 
but concentrated at vascular branch points and sites of high curvature. The deletion of a gene 
required for celiogensis increased inflammatory gene expression, decreased eNOS activity 
and increased atherosclerosis in Apoe(-/-) mice fed on high fat, high cholesterol diet 
(Dinsmore & Reiter 2016).  
Ion channels in the vascular endothelium have been shown to be sensitive to flow 
(Gautam et al. 2006) . Studies have shown sodium channels to influence extracellular signal-
regulated kinase (ERK) activation in response to shear (Traub et al. 1999). Steady shear stress 
stimulated inward rectifying potassium channels which hyperpolarised the cell membrane 
(Olesen et al. 1988) and blocking of the channel reduced nitric oxide release (Cooke et al. 
1991). Barakat et al demonstrated steady shear stress induced an outward rectifying Cl- 
current in endothelial cells and reversed the potassium channel mediated hyperpolarization to 
depolarization rapidly. When the flow was removed, the membrane potential was reported to 
slowly return to pre flow levels (Barakat et al. 1999). Laminar flow and oscillatory flow were 
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shown to activate inward rectifying potassium channels and Cl- channels were only activated 
by oscillatory flow (Lieu et al. 2004). These studies demonstrated not only were the ion 
channels on the cell sensitive to flow but cell could also differentiate between the different 
types of flow (Barakat et al. 2006). 
Integrin have also been shown to be mechanosensitive, integrin conformational 
changes were restricted with endothelial cells pre-treated with anti-v3 mAb which blocked 
shear stress activation of ERK, c-Jun N-terminal (JNK) and the IkB complex (Li et al. 1997; 
Bhullar et al. 1998). ERK and JNK are from the mitogen-activated protein kinase family and 
have been proposed to be important signalling components linking various extracellular 
stimuli to biological responses such as cell growth and differentiation (Cobb & Goldsmith 
1995). Studies using cultured endothelial cells and flow channels indicated that integrins and 
RhoA small GTPase have a key role in the mechanotransduction of shear stress to biological 
signals (Li et al. 1999; Tzima et al. 2001; Shyy 2002a). 
The importance of endothelial cells sensing the direction of flow was demonstrated by 
Wang et al. Pre-aligned endothelial cells responded differently when exposed to different 
angles of flow. The endothelial cells became inflamed when aligned perpendicular to the flow 
and flow parallel to the aligned cells stimulated anti-inflammatory pathways (Wang et al. 
2013a).  The proteoglycan syndecan 4 has been reported as a flow direction sensor, with 
results demonstrating the loss of endothelial cell alignment to flow and the formation of 
lesions in areas normally considered resistant to lesion formation due to laminar flow 
(Baeyens et al. 2014). 
 
 
27 
 
 
 
 
 
 
Figure 2 Proteoglycans and glycoproteins on the surface of endothelial cells. Adapted 
from Tarbell and Pahakis 2006.  Blue dotted lines represent glypicans, along with their 
heparan sulfate chains. Transmembrane syndecans are shown to cluster in the outer edge of 
caveolae. Green dotted lines represent syndecans chondroitin sulfate. Orange dotted line 
represent hyaluronic acid or hyaluronan which is a very long glycosaminoglycans. which 
weaves into the glycocalyx and binds with CD44. Plasma proteins are represented in grey, 
cations and cationic amino acids as red circles. (A) The cytoplasmic domains of syndecans 
link it to cytoskeletal elements (red line). (B) Oligomerization of syndecans helps them make 
direct associations with intracellular signaling effectors. (C) A series of molecules involved 
with endothelial nitric oxide synthase signaling localize in caveolae. 
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1.5 Common approaches to modelling shear stress in vitro 
Different fluid mechanical forces have been shown to regulate a wide range of properties of 
endothelial cells. These mechanical stimuli occur in the vasculature and activate various 
signal transduction pathways and gene expression which leads to cellular proliferation, 
apoptosis, migration, permeability and many more (Chien 2007). However, due to the 
difficulty of accessing the endothelial cells in vivo, the properties of the endothelial cells 
have generally been studied in vitro, using isolated endothelial cells from various species and 
exposing them to shear stress using a range of devices. 
Parallel plate flow chambers have frequently been used to apply shear stress to 
endothelial cells. The cells are seeded on the bottom of the parallel plate chamber which has 
two openings allowing for flow to enter from one side and leave from the other. The flow is 
driven using gravity or peristaltic pumps and allows a constant magnitude of shear stress to 
be applied to all the cells in the chamber except for the inlets and outlets of the chamber 
(Bacabac et al. 2005). These flow chambers can be modified to create disturbed flow profiles 
by adding a step on the bottom of the culture surface. The flow of medium over the step 
would cause a recirculation zone,  exposing the cells in the area to experience a disturbed 
shear stress and cells in different regions of the flow chamber could be examined to 
investigate the effects of the different flow profiles (Liu et al. 2002). The disadvantages of 
this system are low throughput of experiments, cost of the chambers and the limited duration 
that the cells can be exposed to shear. 
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Figure 3 Top and side view of a flow chamber used by Lavesque et al. 1985. 
 
Figure 4 Commercially available µ-slide flow chamber from ibidi. The channel provides a 
large area of uniform shear stress and easy viewing of the cells seeded in the channels using a 
conventional microscope slide adapter. 
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Another popular method of exposing endothelial cells to shear is to utilise the cone 
and plate system. A rotating cone can be placed in a tissue culture dish seeded with cells at 
the bottom and the rotation of the cone induces the fluid to move over the cells (Rieder et al. 
1997). The shear stress can be altered by changing the rotational speed of the spinning cone 
or the viscosity of the medium can be increased by adding dextran (Yoshizumi et al. 1989). 
Disturbed shear stress profiles can also be generated from this system by altering the angle of 
the cone (Davies et al. 1986; Topper et al. 1996). However long term shear stress experiments 
are difficult to achieve as the system requires the medium to be left open to the environment 
of the incubator which causes evaporation of the medium. 
 
Figure 5 Schematic figure of a cone and plate viscometer used by Dewy et al. 1981 
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Microfluidic devices have also been adapted to study the effects of shear stress on 
cells. Cells can be cultured in custom made geometries in PDMS chips and flow is driven 
through these using a pump similar to those used for the parallel flow chambers or a syringe 
pump (Chung et al. 2009; van der Meer et al. 2010; Wang et al. 2016). The main 
disadvantage of using this system is the sample size of the cells that can be cultured in the 
chips and therefore generally too small for biochemical assays from a single chip. 
 
Figure 6 Schematic overview of the fabrication of a microfluidic device. (Image adapted 
from van der Meer et al. 2009) (a) The process starts by fabricating a silicon master mold (b) 
A viscous mixture of PDMS is poured on top of the mold and allowed to set (c) The PDMS is 
peeled off of the mold and bound to a glass or PDMS surface to produce a closed 
microfluidic channels. (d) The microfluidic device is ready to be used. Prior to binding to the 
surface, holes can be punched in the PDMS to reach the resulting microfluidic channel. 
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Another system to model shear stress in vitro is the hollow fibre bioreactor. Hollow 
propylene fibres with small pores are fitted in cartridges. The number of hollow fibres in a 
single cartridge varies depending on the size of the cartridge. Cells are injected slowly into 
the hollow fibres and the cartridges are rotated gently to allow for even distribution of cells 
inside the fibres. Once the cells have been seeded the cartridge is connected to a pump and 
reservoir system, enabling the medium to flow within the hollow fibres, exposing cells to 
shear stress (Ott et al. 2009). The main advantages of this system are; flow can be applied to 
the cells for long periods of time and tracers can be added to the circulating culture medium 
allowing for permeability studies to be undertaken as the tracer accumulates within the spaces 
of the cartridge after the tracer has travelled through the endothelium (Neuhaus et al. 2006). 
Unfortunately, viewing the cells in the hollow fibres during culture is not possible and 
difficult to prepare and access the cells for immunofluorescent imaging. 
 
Figure 7 Fibre and cartridge schematic utilised by Ott et al. 1995 
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Figure 8 Commercially available hollow fibre and cartridge set up by FibreCell 
Systems. The system allows for two separate flow studies to be carried out simultaneously 
with a single FibreCell duet pump. 
An orbital shaker can also be used to apply shear stress to cells cultured in conventional 
well-plates. The well plates can be placed on the orbital platform and the movement of the 
platform generates a wave which travels around in the wells exposing the cells at the bottom 
of the well to shear stress. The disadvantage of using this system is the need for complex 
calculation and modelling of flow within the wells and therefore not many groups have 
reported the use of the orbital shaker to shear cells. Groups which have reported the use of the 
orbital shaker emphasised the advantages of using the orbital shaker (Dardik et al. 2005; 
Warboys et al. 2010; Potter et al. 2011; Velasco et al. 2015; Filipovic et al. 2016). The main 
advantages of utilising the orbital shaker include the high throughput and the relatively 
inexpensive equipment required to perform shear stress studies. Furthermore, the flow with in 
the wells allows for cells to be exposed to different shear stress profiles depending on the 
location of the cells within the wells. The shear stress can also be manipulated by changing 
the height of the medium within the wells or by changing the viscosity of the medium and 
chronic shear stress studies can be carried out. 
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1.6 Measuring endothelial permeability in vitro 
Cultured endothelial cells have been utilised to investigate the barrier properties of the 
endothelium. This approach is widely used as it is time consuming, expensive and difficult to 
assess the permeability of the endothelium in vivo. Furthermore, toxic or expensive reagents 
cannot be used for in vivo experiments. In vitro investigation allows for a hypothesis to be 
tested which can later be translated to in vivo studies.  
Transwell assays are the most well-known and commonly used method for assessing 
barrier function in vitro. The Transwells can be suspended in tissue culture well-plates; they 
divide the well into an upper and lower compartment. The bottom of the Transwell is made of 
a porous filter membrane. Cells can be cultured on the top or bottom of the filter membrane 
until confluency. A tracer solution can be applied to the top compartment where the cells are 
grown, for a certain duration of time. The tracer moves through the cell layer and the porous 
membrane into the bottom compartment during the set time. The contents of the bottom 
compartment are collected and analysed to determine the amount of tracer that has gone 
through (Hirase et al. 1997; Sedgwick et al. 2002; Fukuhara et al. 2005; Mathura et al. 2015). 
Another common method for determining the barrier function is by taking 
transendothelial electrical resistance (TER) measurements of a monolayer. Cells are grown 
on the surface of electrodes and the resistance can be recorded. The membrane of the cell is 
chiefly made up of phospholipids, which act as a barrier to prevent the movement of fluid and 
therefore function as an insulator to the current detected by the electrode. The opening and 
closing of intercellular gaps or pores results in a decrease in the TER measurements (Phelps 
& DePaola 2000a; Tiruppathi et al. 1992; Birukova et al. 2016). 
Two less common methods for measuring permeability were reported by Michaelis et 
al. and Dubrovskyi et al. Both of these method had the advantage of detecting spatially 
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resolved permeability of the monolayer. One method involved culturing cells on a porous 
silicon surface. These silicon surfaces contained small pores which collected tracer at the site 
of transport once it travelled through the monolayer. The pores heavily limited the lateral 
diffusion of the tracer once it had penetrated the monolayer (Michaelis et al. 2012).  The 
second method utilised the high affinity of avidin to biotin. A substrate of biotinylated gelatin 
was created and an avidin conjugated fluorophore added as a tracer. Cells were cultured on 
the biotinylated gelatin surface to create a monolayer and the avidin tracer was applied. Once 
the tracer permeated through the monolayer, the tracer was bound at the site of transport 
(Dubrovskyi et al. 2013). Finally, a method to obtain low spatially resolved permeability 
measurement was reported by Phelps and DePaola et al. Spatial variations of an endothelial 
monolayer exposed to disturbed flow was investigated using an assay which slowed down the 
transport of a colour labelled macromolecule once it permeated the monolayer. The 
monolayer was grown on a polycarbonate filter which was in contact with a layer of agarose 
gel on the abluminal side. Once the macromolecules had permeated the monolayer, the 
spatial variations of the macromolecule permeability was quantified using the intensity of the 
gel (Phelps & DePaola 2000b). 
The effects of numerous cytokines, growth factors and other endothelial stimuli on the 
barrier function of the endothelial monolayer has been successfully measured in vitro using 
Transwell filters. Effects of tumor necrosis factor-alpha (TNF-α) on endothelial permeability 
was shown to increase the permeability of bovine microvascular endothelial cells grown on 
microporous filters to 125I-labeled albumin (Partridge et al. 1993). Thrombin, bradykinin and 
histamine were shown to alter permeability of confluent monolayers of endothelial cell 
cultured on Transwells for different durations (Ehringer et al. 1996). However, the majority 
of these studies have been performed with cells cultured under static conditions due to the 
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difficulty in applying mechanical forces and incorporating Transwell filters into the 
experimental set up.  
Nevertheless, groups have reported the use of the TER measurements with shear stress. 
This was possible as the electrode did not interfere with the geometry of the area of the 
mechanical stimuli. A study with monolayers grown on electrodes in a specially designed 
flow chamber  with a step was used to investigate in the endothelial barrier function to 
disturbed flow (Phelps & DePaola 2000a). TER measurements of normal human brain 
microvascular endothelial cells were shown to increase after the application of shear stress 
(Cucullo et al. 2011). Differences in the monolayer resistance at the centre and the periphery 
of a well sheared on the orbital shaker has also been described (Velasco et al. 2015). Other 
groups have reported on the use of custom flow chambers which accommodated porous 
filters where cells could be cultured and rotating disks to shear the medium to investigate the 
shear induced effects on monolayer water flux (Sill et al. 1995; Chang et al. 2000a). Warboys 
et al, investigated the effects of chronic shear stress on the endothelium by culturing 
endothelial cells on Transwells suspended within conventional 6-well plates and inducing the 
medium to rotate in the wells using the orbital shaker to apply shear stress to the cells. The 
results from the investigation showed acute shear stress increased endothelial permeability to 
rhodamine labelled albumin and chronic shearing decreased the monolayer permeability 
(Warboys et al. 2010). 
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1.7 Objectives 
The method of using an orbital shaker to shear endothelial cells grown on Transwell filters 
while measuring transendothelial transport of macromolecules has highlighted the importance 
of the chronic application of flow on the integrity of the endothelial barrier (Warboys et al. 
2010). However, depending on the location of the endothelial cells in the wells, the shear 
stress vectors that the cells experience will vary. The method can be further improved by 
controlling the depth of the medium, rotation rates and well diameters to induce different 
flow patterns, although these usually give uniaxial flow at the edges of the wells and 
directionally varying flow at the centre. If this method could be combined with another to 
allow spatially resolved permeability measurements within each well, it could be used to 
dissect the relationship between different shear characteristics and permeability within the 
wells. Studying the different effects of unidirectional and directionally varying shear on 
permeability and endothelial cell elongation is important as endothelial cells in vivo 
experience varying patterns of chronic shear.  
The current consensus attributes the site specific formation of atherosclerotic lesions 
within the vasculature to low, oscillatory hemodynamic wall shear stress. However, a 
systematic review carried out by Peiffer et al. has questioned the accuracy of the current 
theory (Peiffer et al. 2013b). Recently, Mohamied et al. reported TAWSS and OSI metrics 
did not correlate significantly with lesions on the aortic branch ostia for immature and mature 
rabbits compared to transWSS indicating that the multidirectional flow is atherogenic 
(Mohamied et al. 2015). Furthermore, Wang et al has shown oscillatory flow perpendicular to 
the long axis of the cell to be atherogenic and parallel flow to be anti-inflammatory and 
therefore further highlights the importance of multidirectional flow (Wang et al. 2013b). 
Additionally, Bond et al utilised an automated image analysis technique to obtain 
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morphological data of rabbit aortic endothelial cells and reported the correlation of increased 
endothelial nuclei elongation with lesion prevalence suggesting high magnitudes of shear 
stress was present on the vessel walls where lesions occurred, which is also inconsistent with 
current consensus (Bond et al. 2011). Finally, a study by Baeyens et al further emphasised the 
importance of cells sensing flow direction, demonstrating lesion formations in areas that are 
normally resistant to lesion formation due to laminar flow and high wall shear stresses in 
hypercholesterolemic syndecan 4 knockout mice (Baeyens et al. 2014). Therefore, with the 
current inconsistencies highlighted by these studies and the evidence of shear stress direction 
as an important element for cell fate in vitro and lesion formation in vivo, the outcome of this 
investigation may potentially help to explain the complex relation between the different 
effects of shear stress on endothelial permeability and become a useful model for 
understanding atherogenesis. 
The primary purpose of this PhD was to develop/improve a method to produce 
spatially resolved permeability assays which can be combined with the orbital shaker to 
chronically shear endothelial cells. Second, the transport of different sized tracers through the 
monolayer with chronic shearing was investigated. Third, the relationship of the shear stress 
distribution across the well and morphological changes of the endothelial cells were 
examined. Fourth, effects of chronic and acute of multi-directional and uniaxial shear stress 
on endothelial inflammation were investigated. 
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Chapter 2 - General Methods 
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2.1 Porcine aortic endothelial cell isolation 
Porcine aortic endothelial cells (PAEC) were isolated from the descending thoracic aortas of 
6-month old Landrace Cross pigs. These were supplied from an abattoir by Fresh Tissue 
Supplies (Henfield, East Sussex). The aortas were delivered in Hank’s balanced salt solution 
(HBSS) supplemented with 100 U.mL
-1 
penicillin, 100 µg.mL
-1 
streptomycin, 2.5 µg.mL
-1 
amphotericin B and 50 µg.mL
-1 
gentamycin. Before isolations, the aortas were rinsed with 
phosphate buffered saline (PBS) to remove blood clots and stored in PBS supplemented with 
100 U.mL
-1 
penicillin, 100 µg.mL
-1 
streptomycin, 2.5 µg.mL
-1 
amphotericin B and 50 µg.mL
-
1 
gentamycin. The procedure followed the method of Bogle et al (Bogle et al. 1996).  
The adventitia was removed from the aorta followed by the ligation of the branching 
arteries. The aorta was flushed through with PBS five times. The proximal end of the aorta 
was cannulated with a three-way tap and the distal end of the aorta was clamped. 10 mL of 
0.2 mg.mL
-1 
type II collagenase (Sigma) solution was added through the tap into the aorta 
and was incubated at 37
o
C for 15 minutes. After the15 minutes, the aorta was gently 
massaged to release the attached cells from the vessel wall. The collagenase solution was 
then collected into a 30ml universal tube and centrifuged at 220 g for five minutes to obtain a 
pellet of cells. The supernatant was removed and the cells were suspended in 5 mL of 
Dulbecco’s modified Eagle medium (DMEM) supplemented with 10% foetal bovine serum 
(FBS), 200 mM L-glutamine, 100 U.mL-1 penicillin, 100 µg.mL-1 streptomycin, 2.5 µg.mL-1 
amphotericin B, 50 µg.ml-1 gentamycin, 90µg.mL-1 heparin and 5 µg.mL-1 endothelial cell 
growth supplement from bovine neural tissue (Sigma). The cell suspension was moved into a 
T25 flask (Corning) and placed inside an incubator to be cultured at 37
 o
C. The atmosphere 
inside the incubator was 95% air and 5% CO2. The medium was changed after 24 h and the 
cells were grown until confluent, the medium being changed every two days.  
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The purity of the endothelial cell isolations was assessed by determining the number 
of cells internalising Dil-acetylated low-density lipoprotein (Molecular Probes) as a fraction 
of the number of nuclei stained with DRAQ5 (Biostatus). A final concentration 10 μg.mL-1 of 
Dil-acetylated low-density lipoprotein were added to confluent passage 1 monolayers 
cultured in 48-well plates and incubated at 37⁰C overnight. The wells were washed three 
times in PBS for 15 minutes. The cells were then fixed with 4% paraformaldehyde for 10 
minutes and the nuclei were stained with DRAQ5 (BioStatus, 1:1000). The DRAQ5 was then 
removed and the cells were washed again with PBS and imaged with a confocal microscope 
(Leica SP5) as described below.  
The number of cells taking up Dil-acetylated-LDL and the number of nuclei stained 
with DRAQ 5 were counted from the image. The two numbers were used to calculate the 
purity of endothelial cell isolations using Equation 5 shown below. Endothelial cells should 
test positive for uptake of acetylated LDL. Any cell nuclei that were stained with DRAQ5 but 
did not show uptake of Dil-acetylated low-density lipoproteins were considered to be 
contaminants of the isolation. 
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Figure 9 Image of an aorta before and after preparation for cell isolation. Bottom 
image shows an aorta that has been cleaned; branching arteries clamped, distal end of the 
aorta clamped, proximal end cannulated and the aorta filled with the collagenase solution. 
 
(
𝑁𝑜. 𝑜𝑓 𝑒𝑛𝑑𝑜𝑡ℎ𝑒𝑙𝑖𝑎𝑙 𝑐𝑒𝑙𝑙𝑠 𝑤𝑖𝑡ℎ 𝑎𝑐𝑒𝑡𝑦𝑙 𝐿𝐷𝐿 𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙𝑖𝑠𝑎𝑡𝑖𝑜𝑛
𝑁𝑜. 𝑜𝑓 𝑛𝑢𝑐𝑙𝑒𝑖 𝑠𝑡𝑎𝑖𝑛𝑒𝑑 𝑤𝑖𝑡ℎ 𝐷𝑅𝐴𝑄5
) × 100
= % 𝑜𝑓 𝑝𝑢𝑟𝑖𝑡𝑦 𝑜𝑓 𝑖𝑠𝑜𝑙𝑎𝑡𝑖𝑜𝑛𝑠 
 
Equation 1 Calculation of endothelial cell purity. 
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2.2 Porcine aortic endothelial cell culture 
When the cells became confluent in the flasks, the medium was removed and the cells were 
rinsed with PBS. A 2% solution of trypsin and ethylenediaminetetraacetic acid (EDTA) was 
applied to the cells for three minutes at 37
o
C. When almost all the cells became non-adherent, 
the trypsin solution was neutralised with an equal volume of DMEM supplemented with 10% 
FBS. The solution was collected in a falcon tube and centrifuged at 220g for five minutes. 
The supernatant was removed and the cells were re-suspended in DMEM with the 
supplements described previously. The cell solution was then pipetted into a T75 flask 
(Corning) for further culture. 
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Figure 10 Image of passage zero PAECs in T25 flasks after isolations. Bar = 500 µm 
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2.3 Immunofluorescent staining of endothelial cells 
A 4% paraformaldehyde solution made with PBS was applied to the cells for five minutes to 
fix the PAECs. The cells were then washed with PBS three times and permeabilised using a 
0.1% Triton X-100 solution made up with PBS for five minutes. PAECs were then washed 
three times with PBS and blocked using a 1% BSA or 2% normal goat serum made up in PBS 
solution for two hours at room temperature. The blocking solution was then removed and a 
1:200 primary antibody dilution made up in a PBS solution was applied to the cells and 
incubated at 4⁰C overnight. Cells were then washed three times with PBS and a 1:300 
secondary antibody dilution made up in a PBS solution was applied for one hour at room 
temperature. Finally, a 1:1000 dilution of a nuclear stain was prepared in PBS solution and 
applied to the cells for 30 minutes at room temperature. Nuclear staining was always carried 
out after any immunofluorescent staining. 
 
Nuclei Stain Manufacturer 
DRAQ5 Biostatus 
Acridine 
Orange 
Sigma-Aldrich 
Table 2 List of nuclear stain. 
Primary 
antibody 
Species Manufacturer Order 
code 
Secondary 
antibody  
Manufacturer 
Anti- 
NF-κB 
Rabbit 
polyclonal 
raised against 
human NF-κB 
p65 (C-20) 
Santa Cruz 
Biotechnology 
sc-372 AlexaFluor 
546 goat-anti 
rabbit) 
Invitrogen A-
11010 
Anti-VE-
Cadherin 
Raised in goat 
against human 
VE-Cadherin 
(C-19) 
Santa Cruz 
Biotechnology 
Sc-6458 AlexaFluor 
568 donkey-
anti goat) 
Invitrogen A-
11057 
Table 1 Antibodies used for immunohistochemistry. 
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2.4 Imaging 
Immunofluorescently stained cells and spatially resolved permeability assays (see below) 
were imaged using the inverted Leica SP5 confocal microscope in the Department of 
Bioengineering or another inverted Leica SP5 microscope in the Facility for Imaging and 
Light Microscopy (FILM), South Kensington Campus, Imperial College London. The Leica 
SP5 was equipped with argon, diode-pumpedd solid state (DPSS) and HeNe lasers. The 
motorised stage of the microscopes allowed for large areas to be scanned conveniently and 
the confocal microscope’s ability to reduce secondary fluorescence emitted by the sample 
outside the focused area allowed for accurate quantification of fluorescence for our studies. 
Frame averaging was set to 3 times, gain values were kept constant after initial test images of 
controls and the values can be seen below. Offset values were kept at 0% and a flat field 
correction was applied to all the images that required quantification the of fluorescence. 
Details of the lenses used throughout the studies are shown in the table below. 
Type Magnification NA Immersion Working 
distance (mm) 
HC PL APO CS 10x 0.4 Dry 2.2 
HC PL APO 
Lbd.BI 
20x 0.7 Oil 0.17 
HCX PL APO 
CS 
40x 1.25-0.75 Oil 0.17 
HCX PL APO 
CS 
63x 1.40-0.60 Oil 0.1 
Table 3 List of lenses used with the departmental and FILM facility Leica SP5 
microscope. 
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 Excitation (nm) Emission (nm) Gain 
AlexaFluor 546 
goat-anti rabbit 
565 580-610 850 
AlexaFluor 568 
donkey-anti goat 
565 595-615 800 
DRAQ5 633 675-725 800 
Acridine Orange    
FITC-Avidin 488 515-525 755 
FITC-NeutrAvidin 488 515-525 755 
RPE-NeutrAvidin 565 580-590 850 
Qdot 800-
Streptavidin 
405 760-800 950 
Dil-acetylated-LDL 514  540-595 700 
Table 4 Confocal microscope settings. 
2.5 Preparation of biotinylated gelatin for spatially resolved permeability 
assays 
As mentioned in the introduction, a common method for permeability measurements of a 
monolayer is by using Transwells. However, the route by which macromolecules pass 
through the endothelium is still controversial. To investigate this, a method for obtaining 
spatially resolved permeability measurements was used. FITC-conjugated avidin (which has 
the same molecular weight as albumin) has a high affinity for biotinylated gelatin. When the 
ligand (FITC-avidin) passes through a layer of endothelium resting on a biotinylated gelatin 
coated well, it binds to the substrate-bound acceptor (biotin) under its site of transport, 
resulting in a trace that could be measured with high spatial resolution by fluorescence 
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microscopy. The protocol outlined below followed the method of Dubrovskyi et al 
(Dubrovskyi et al. 2013). 
A 10 mg.mL-1 gelatin solution was made up in a 0.1 mol.L-1 bicarbonate buffer that 
had a pH of 8.3 and the solution was stirred in a water bath (37⁰C) for 30 minutes. The 
gelatin solution was centrifuged at 10,000 g for five minutes. The supernatant was collected 
and mixed with a solution of EZ-Link NHS-LC-LC-Biotin (Sigma-Aldrich) made up with 
DMSO (Sigma-Aldrich) to a final concentration of 5.7 mg.mL-1. This solution was then 
stirred for one hour at room temperature for the conjugation of biotin to gelatin. After the 
biotinylation process, the solution was aliquoted and stored at -20°C.  These aliquots were 
later thawed for 10 minutes in a water bath (37°C), diluted to 0.25 mg.mL-1 with 0.1 mol.L-1 
bicarbonate buffer, filtered using 0.45 µm and 0.22 µm filters and applied to well plates. The 
solution was left in the well plates overnight at 4°C and then washed thoroughly with PBS. 
These well plates were then used for spatially resolved permeability studies of endothelial 
monolayers with different size tracers conjugated to avidin, neutravidin or streptavidin. 
2.6 Application of directionally varying shear stresses on endothelial cells 
PAECs were seeded on 12-well plates and cultured with a medium depth of 2 mm until the 
cells were confluent. The well plates were then placed on the orbital shaker (PSU-10i Grant 
Instruments) which had an orbit of 10 mm diameter. A speed of 150 rpm was applied to 
produce a swirl of medium over the monolayer. The medium in the wells were changed every 
two days. 
2.7 Spatially resolved permeability measurements 
PAECs used in these experiments were all passage two and justification of utilising passage 
two cells can be found in chapter 4 section 4.1. PAECs were seeded in well plates (Corning) 
which had been coated with 0.25 mg.mL-1 biotinylated gelatin prepared as above. The cells 
49 
 
were cultured until confluent and then for a further seven days under static conditions or 
exposed to shear stress to allow cells to fully establish their junctions. 24 h before the tracer 
experiments, the cells were deprived of serum by changing the culture medium to DMEM 
containing 1% BSA.  
Tracer solutions were made using DMEM with either FITC-Avidin (FITC-A), FITC-
NeutrAvidin (FITC-NA), R-Phycoerythrin-NeutrAvidin (RPE-NA) to a final concentration of 
0.38 μM or using purified Qdot 800-streptavidin to a final solution of 0.076 μM. Purification 
of Qdot 800-streptavidin (Qdot800) was carried out using amicon ultracentrifugal filters 
which had a 100kDa cut-off. This step was necessary to remove unbound streptavidin 
molecules. 
The tracer was applied to the wells for three minutes, which was then followed by 
removing the contents and rinsing four times with PBS. The cells were then fixed with 4% 
paraformaldehyde solution 10 minutes. The cell nuclei were then stained for 30 minutes with 
DRAQ 5 (Biostatus) for cells which had FTIC-A, FITC-NA or RPE-NA applied to them. 
Cells which had Qdot800 applied to them were stained for VE-Cadherin using the protocol 
outlined in section 2.3. The well plates were then imaged using the confocal microscope. 
Two methods were used to measure the permeability of monolayers. The first method 
involved measuring the distribution of the tracer bound to the biotinylated gelatin in 12-well 
plates using the well scan function of an automated plate reader (SpectraMax M5). The well 
scan produced a 19x19 pixel image that only showed the intensities up to 8.3 mm from the 
centre of the well even though the radius of a 12-well is 11.05 mm. Due to this limitation of 
the plate reader, numerical simulations and other comparable results were truncated to the 
same radius. 
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For the second method, the distribution of tracer bound to the biotinylated gelatin in 
12-well plates were imaged using the inverted Leica SP5 confocal microscope with the 10x 
0.4 NA dry objective. The wells were imaged from the edge of the well towards the centre to 
produce a tile scan that was 3 mm wide with a length 13 mm. The resulting tile scan was 
processed using Matlab to quantify the bound tracer.  A flat field image tile was produced by 
imaging 81 tiles (at a depth of 0.81 mm) of a 2 mm depth 0.38 μM FITC-A tracer dissolved 
in PBS in a well of a 12-well plate and creating a single artificial tile with the median 
intensity pixel values of the 81 tiles. A flat field correction was applied followed by a 
Gaussian filter to reduce the checkered pattern and salt and pepper noise on the tile scan 
using Matlab. The centre of the well was identified by the using a regression line method 
(mentioned the section below), circular regions of interest were defined for every 0.1 mm 
from the centre of the well with increasing radii up to 9 mm. Pixel intensities were then 
summed and divided by the number of pixels within the circular region of interest. This 
process was carried out for all the circular regions of interest to produce a graph of average 
pixel intensity versus radial distance. 
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Tracer Manufacturer 
FITC-Avidin Pierce 
FITC-NeutrAvidn Life Technologies 
RPE-NeutrAvidin Life Technologies 
Qdot800-Streptavidin Life Technologies 
Table 5 List of tracers used in the study. 
 
 PAECs seeding 
density per well 
Volume of tracer 
added per well 
Volume of PBS 
used to wash per 
well 
96-well plate 4000 66 μL 150 μL 
12-well plate 100000 764 μL 1 mL 
Table 6 Details of seeding densities, tracer volume and washing volumes for spatially 
resolved permeability assays. 
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2.8 Measurement of endothelial cell morphology 
Images of endothelial cells stained with VE-Cadherin and DRAQ 5 were obtained from 
confocal microscopy and processed in Matlab R2015b (Mathworks).  
2.8.1 Nuclear orientation 
The contrast of the images was adjusted to saturate 1% of the pixel values at low and high 
intensities, to help distinguish the nuclei from the background. A Gaussian filter was then 
applied to reduce salt and pepper noise. A pixel intensity histogram was produced to 
threshold the image manually. Some nuclei were too close together to be resolved and 
produced a combined image. These joined nuclei were removed from the image by 
thresholding the nuclei area; the threshold value was manually determined for each image 
using an object area histogram. Once the nuclei were differentiated, an ellipse was fitted 
using a function developed by Fitzigibbon et al (Fitzgibbon et al. 1999) . The function fits an 
ellipse by calculating the least squares distance of the boundary of the nuclei. The centroid of 
each ellipse was calculated and a vector was created to connect the centroid to the furthest 
point on the perimeter of the ellipse. Under the assumption that the nucleus is bilaterally 
symmetrical about its major axis, this vector produced the primary orientation of the nucleus. 
To have a reference point against which the orientation of this vector could be 
measured, the centre of the well was calculated from the tile scans. Three regression lines 
were used to determine the centre point of the well. The first regression line was fitted on the 
first pixels that were detected from the end of the tile scan nearest to the edge of the well. The 
second and third regression lines were fitted on the first detected pixels from each side of the 
tile scan.  
The first regression line produced a tangent to the curved edge of the well and the two 
other regression lines produced two vertical lines that intersected the tangent. The distance of 
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the tangent between the intersections was calculated and a perpendicular line was created at 
the midpoint of this tangent. This perpendicular line ran down the tile scan. The tile scan was 
then rotated using this perpendicular line to the tangent so that this line became parallel to the 
y-axis. A distance of 11.05 mm along the perpendicular line to the tangent of the edge of the 
well was measured from the midpoint of the tangent to find the centre coordinates of the well. 
Circular regions of interest were created from the centre of the well which increased 
in radii up to 9 mm. This was required to create curved intervals due to the shape of the well. 
Finally, a vector was produced which connected each centroid of the ellipses to the centre 
coordinates of the well. The primary orientation vectors were measured using this reference 
vector, and the results were plotted as histograms and modal orientations were obtained by 
fitting a 7th-order polynomial. 
    
a b c d 
  
e f 
Figure 11 Example images of PAEC nuclear processing steps for nuclei orientation. a) 
Max projection of a confocal image of PAEC nuclei stained with DRAQ5. b) Contrast 
adjusted image of PAEC nuclei. c) Gaussian filter applied image of PAEC nuclei. d) Pixel 
intensity thresholded image of PAEC nuclei. e) Image of PAEC nuclei with area 
thresholding, ellipse fitted and centroids defined for each nucleus. f) Image of a single 
nucleus showing a line connecting the furthest point on the perimeter of the fitted ellipse to 
the centroid (red) and a line connecting the centroid to the centre of the well (blue). 
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a b c 
 
 
 
Figure 12 Example images of tile scan processing. a) The vertical green lines represent the 
sides of the tile scan established by plotting regression lines using the first detected pixels 
from each side, the red horizontal line represents a tangent to the circular edge of the well and 
the red vertical line that is perpendicular to the tangent runs down the tile scan. b) Image of 
the rotated and cropped tile scan of image a. c) Image of a circular interval (7-8 mm) readied 
for nuclei processing. 
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2.8.2 Cell orientation 
The contrast of the images was adjusted to saturate 1% of the pixel values at low and high 
intensities, to help distinguish the cell borders from the background. A Gaussian filter was 
applied to reduce any salt and pepper noise and intensity thresholding was further applied to 
differentiate the background and the boundary of the cells. The threshold values were 
manually determined for each image using a pixel intensity histogram.  
The images were then further processed using morphological processing functions; 
thinning, removing and dilating, these allowed for gaps in the cell boundaries to be joined. 
Area thresholding was then carried out to filter out objects that were too large or small to be a 
cell; threshold values were determined manually for each image using an object area 
histogram. An ellipse was then fitted for each cell and the orientation was calculated using 
the methods described in the previous section. 
  
a b 
Figure 13 Example of processed VE-Cadherin stained PAECs images. a) Processed 
boundaries of VE–Cadherin overlaid onto the original confocal image. b) Ellipses fitted to 
the processed images boundaries of PAECs. 
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2.9 Quantification of NF-kB p65 translocation 
Confocal tile scan images were taken of PAECs sheared for different durations in 12-well 
plates. The PAECs were stained with anti- NF-κB p65 and DRAQ5. Intensity, size 
thresholding of the nuclei, pre-processing of the tile to obtain the centre coordinates and to 
divide up the tile scan into intervals were done using the method in section 2.8.1. Nuclear 
translocation of NF-κB p65 was computed by taking the mask of the nuclei (from the 
DRAQ5 channel) and applying it to the NF-κB p65 channel. The pixel values of NF-κB p65 
inside all the nuclei for each interval were summed, followed by dividing the value by the 
total number of pixels within all the nuclei. This produced the average intensity of the NF-κB 
p65 inside the nuclei for a given interval of the radius of the well. The pixel intensities of NF-
κB p65 outside the nuclei were summed and averaged to produce the average intensity 
outside the nuclei for a given interval. Finally, the average intensity of NF-κB p65 inside the 
nuclei was divided by the average intensity outside the nuclei for each interval along the 
radial distance of the well. This yielded a value that increased with greater NF-κB p65 
translocation into the nuclei and would decrease to zero if there was no translocation of NF-
κB p65 into the nuclei. This method was validated by quantifying the translocation of NF-κB 
p65 for cells cultured under static conditions with or without 30 minutes of exposure to 
10ng.mL-1 of TNF-alpha made up in cell culture medium. 
(
𝑀𝑒𝑎𝑛 𝑝𝑖𝑥𝑒𝑙 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑁𝐹𝑘𝐵 𝑝65 𝑖𝑛𝑠𝑖𝑑𝑒 𝑡ℎ𝑒 𝑛𝑢𝑐𝑙𝑒𝑖
𝑀𝑒𝑎𝑛 𝑝𝑖𝑥𝑒𝑙 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑁𝐹𝑘𝐵 𝑝65 𝑜𝑢𝑡𝑠𝑖𝑑𝑒 𝑡ℎ𝑒 𝑛𝑢𝑐𝑙𝑒𝑖
)
= 𝑇𝑟𝑎𝑛𝑠𝑙𝑜𝑐𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑁𝐹𝑘𝐵 𝑝65 
Equation 2 NF-kB p65 translocation equation 
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2.10 Computational modelling of shear stress 
To understand the complex shear stress patterns produced by the orbital shaker the flow was 
computed using the STAR-CCM+ software (v.9; CD-adapco) by Ms P. Alpresa, Ph.D. 
candidate, Imperial College London. The culture well was discretized using a structured 
cylindrical mesh of diameter 22.1 mm and height 10 mm with 291,600 grid elements. (The 
base was flat and thus the variation in the height of the cells themselves was neglected.) A 
non-inertial frame of reference was used that moved with the well centre. A convergence 
study was carried out to ensure that the results were mesh-independent. The gas-liquid 
interface was tracked using the volume of fluid (VOF) method. The simulation was run for 10 
orbits to ensure that a periodic state was achieved. The Courant-Friedrich-Lewis (CFL) 
number was set to 0.5. The shear stress (frictional force per unit area) experienced by the 
cells was determined from the velocity gradients at the well base. 
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Chapter 3 - Visualisation of three 
pathways for macromolecule transport 
across cultured endothelium and their 
modification by flow  
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3.1 Introduction 
Dysfunctional barrier function of endothelial monolayers leads to a variety of diseases 
including atherosclerosis, cancer, stroke, lung injury and many more. It is defined by increase 
in flux of plasma proteins and macromolecules across the endothelial monolayer from the 
apical to the basolateral side. However, even normal barrier function is poorly understood.  In 
1956, a “two pore theory” was suggested by Grotte after observing the ratios of lymph and 
plasma concentrations various sizes of dextran. For dextran molecules of less than 4-5 nm 
radius, concentrations appeared to drop significantly with increasing molecular size. 
However, molecules larger than 4-5 nm were still detected in the lymph and although overall 
concentrations were low, the concentrations were not noticeably affected by further 
increasing the molecular size (Grotte 1965). Pores for the transport of larger solutes would 
have to be substantially wider than the solutes, in order to explain the reduced dependence on 
molecular radius, and these large pores would have to be rarer than the small pores, otherwise 
they would also dominate the transport of the smaller solutes.  
There is considerable evidence that the conceptual small pores represent junctions 
between adjacent endothelial cells. However, there is no consensus concerning the physical 
nature of the large pores. Intercellular clefts, transcellular pores, vesicles and mitosing cells 
have all been shown to play a part in affecting transendothelial transport (Levick 2013, Chen 
1995, Weinbaum et al. 1985, Schnitzer et al. 1994); however, despite the importance of 
macromolecular transport, the pathways by which macromolecules cross the endothelium still 
remain unclear. The recently established method of Dubrovskyi et al. allows for spatially 
resolved permeability measurements. The study used FITC avidin, which has the same 
molecular weight and similar size to albumin as a tracer. Its binding to a biotin-labelled 
substrate shows the route by which it crossed the endothelium and demonstrated its ability to 
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pass through intercellular junctions. However, the study lacked information on whether 
molecules larger than albumin would pass through the same route. This information is central 
to atherosclerosis as low density lipoproteins which are much larger than albumin can 
accumulate under the endothelium, initiating atherogenesis. This process is thought to depend 
on local blood flow characteristics.  
Endothelial cells can release molecules and mediator proteins in reaction to 
hemodynamic stimuli (Lehoux et al. 2006; Gimbrone et al. 2000; Malek et al. 1999). High 
laminar flow is vital for physiological functions and homeostasis of endothelial cells and 
underlying tissue. Complex oscillatory blood flow patterns such as those which occur in 
regions of arterial branching, can induce endothelial dysfunction by changing endothelial cell 
signalling and gene expression pathways, and are often assumed to lead to increased 
macromolecule transport through the effected endothelium (Resnick et al. 2003).  
The two most common approaches to determining endothelial permeability in vitro 
are assessing the rate at which a labelled tracer crosses an endothelial monolayer cultured on 
a porous substrate, and measuring the electrical resistance across the monolayer (Warboys et 
al. 2010; Velasco et al. 2015). Many in vitro studies have used such methods to look at the 
effects of shear on endothelial permeability (Chang et al. 2000b; Jo et al. 1991; Phelps & 
DePaola 2000a; Sill et al. 1995) but the studies only applied shear stress acutely, despite the 
endothelium being exposed to chronic shear in vivo. Warboys et al showed that chronic shear 
had opposite effects on permeability. The results were achieved using an orbital shaker to 
apply shear to a monolayer for a prolonged time (Warboys et al. 2010).The flow in the wells 
was characterized using computational numerical methods and it was shown that temporal 
patterns of shear vectors varied with distance from the centre of the well. However, the study 
did not establish a relation between the varying multidirectionality of shear stress and 
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permeability which is a critical factor as highlighted in a recent study by Wang et al (2013) 
because the tracer methods do not provide spatially-resolved results.  
It is widely believed that low or oscillatory shear stress plays a role in inflammatory 
processes and influences vascular inflammation through the modification of endothelial gene 
expression. In vivo studies have revealed that in regions prone to atherogensesis due to 
complex flow patterns the endothelium is primed to react via the upregulation of the 
proinflammatory transcription factor NF-κB (Nagel et al. 1999; Hajra et al. 2000). NF-κB is a 
transcription factor belonging to the Rel/NF-κB family. When it is not activated, the Rel/NF-
κB complex is bound to the IkB inhibitor protein found in the cytoplasm of the endothelial 
cells. When the endothelial cells are activated by various stimuli, the NF-κB is released from 
the IkB complex and transported into the nucleus to regulate the transcription of various 
genes. NF-κB translocation upregulates the expression of cytokine induced genes which 
regulate the inflammatory and immune processes and many of these genes are expressed in 
atherosclerotic  plaques (Lawrence 2009). However, it is important to recognise that NF-κB 
upregulation is a survival mechanism for cells and the inflammation process is initiated to 
allow the cells to respond appropriately to the stimuli (Lawrence 2009).  
In this chapter we investigated the effects of chronic shear stress on the endothelium 
using the methods of Warboys et al to shear cells and combined it with spatially resolved 
permeability measurements of the monolayer. This enabled us to investigate transport 
pathways and effects of different types of flow. TransWSS and other shear metrics were 
obtained for the wells on the orbital shaker and compared to the spatially resolved 
permeability maps of three different molecular weight tracers. Additionally, we investigated 
the effects of shear stress applied for varying durations on endothelial nuclear morphology 
and orientation. NF-κB translocation was also examined. 
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3.2 Methods 
3.2.1 Visualisation of three pathways for macromolecule transport 
PAECs obtained from isolations were seeded in 96-well plates which had been coated with 
biotinylated gelatin. Cells were cultured under static conditions and tracer experiments were 
carried out. The cells were then stained with DRAQ5 or VE-cadherin and the tracer and stain 
were imaged using the confocal microscope. The protocols for this experiment are described 
in chapter 2, sections 2.1- 2.5 and 2.8. 
3.2.2 Effects of chronic and directionally varying shear stress on endothelial monolayer 
permeability 
PAECs obtained from isolations were seeded in 12-well plates which had been coated with 
biotinylated gelatin. Cells were cultured until they formed a monolayer, then placed on an 
orbital shaker and tracer experiments were carried on the seventh day. A 19x19 pixel 
resolution spatially resolved permeability map was produced using the plate reader. 
Endothelial cell and nuclear orientation were assessed by staining the nuclei with DRAQ5 
and the cell borders with VE-cadherin, and imaging with the confocal microscope to produce 
a tile scan from the centre to the edge of the well. These tile scans were used to analyse the 
cell and nuclear orientation in Matlab.  The protocols for this experiment are described in 
chapter 2, sections 2.1- 2.8. 
3.2.3 Effects of different durations of directionally varying shear stress on NF-kB p65 
translocation, nuclear orientation and permeability 
PAECs were seeded in 12-well plates which had been coated with biotinylated gelatin. The 
cells were cultured until fully confluent and then sheared for a range of different durations on 
the orbital shaker, the shortest being two hours and the longest duration being five days. After 
shearing the cells, tracer experiments were carried out using FITC-NA made up in DMEM. 
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The cells were then fixed and imaged from the centre to the edge of the well using the 
confocal microscope.  
Another set of cells from the same flask and sheared at the same time and duration as 
the cells used in the tracer experiments were stained for NF-κB p65 and the nuclei were 
stained with DRAQ5. The wells were then imaged using the confocal microscope from the 
centre of the well to edge. All the settings for the confocal can be seen in chapter 2 table 4 in 
section 2.4. The images were then analysed for nuclei orientation, quantified for NF-κB p65 
translocation and permeability. Finally, we quantified the nuclear shape using ellipses fitted 
to the nuclei. These best-fitted ellipses were analysed using Matlab to obtain the area and 
perimeter and the information was used to produce a shape index value (shape index = 4π x 
Area/(perimeter)2) for each nucleus. If a nucleus was completely circular the value for the 
shape index would be one. The value would decrease as the nuclei became more elongated 
with a shape index value of zero indicating a completely linear morphology. The shape 
indexes of the nuclei were averaged over each 1 mm interval from the centre to 9 mm for 
each well. The protocols for this experiment are described in chapter 2, sections 2.1- 2.10. 
3.3.4 Characterising the shear stress patterns in the orbiting wells 
Computational modelling of the flow in the wells were crucial to dissect the relationship 
between the endothelial properties which were investigated and the flow within the wells. 
The modelling was carried out by Ms P. Alpresa, Ph.D. candidate, Imperial College London 
and the method is described in chapter 2 section 2.10.  The CFD model of the free surface 
height of the swirling medium was then compared to the experimental height of the swirling 
medium in the well. The medium in the well was made with a concentration of 0.13mg/ml of 
Evans Blue dye (EBD) in PBS. A series of snap shots of a static well containing different 
heights of the EBD solution was taken and a greyscale level to medium height database was 
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created in Matlab. The orbiting wave height of the medium was captured using a digital 
camera (Iphone 6s) placed on the orbital platform positioned above the well and facing 
vertically down. The surface of the medium was analyzed using a custom Matlab code. The 
program produced the height patterns for each photo based on the intensity of the pixels and a 
graph of the maximum wave height at different radii of the well was produced. 
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3.3 Results 
3.3.1 Visualisation of three pathways for macromolecule transport 
Both FITC-A and FITC-NA accumulated under the intercellular junctions of cells. FITC-A 
bound to the biotinylated gelatin exhibiting lines and spots on the confocal images. Closer 
examinations of these lines and spots using the phase contrast imaging revealed that the lines 
were FITC-A bound under cell clefts and many of the spots were FITC-A bound under 
tricellular junctions (Figure 14).  
FITC-NA binding patterns revealed thicker and more discontinuous lines around the 
cell borders compared to FITC-A with many spots again accumulating under tricellular 
junctions (Figure 15). Using the lines created by FITC-A and the phase contrast image as a 
guide to identify cell borders, a simple assessment was done to see how many tricellular 
junctions had spots, how many tricellular junctions had no spots and how many spots were 
not at tricellular junctions for a static culture of PAECs. Results showed that 65.5±5.7% 
(mean±SEM, n=6 isolations) of tricellular junctions had spots and only 6.3%±4.1% of spots 
where not at tricellular junctions (n=6 isolations).  
Confocal images of binding for RPE-NA produced spots only. Phase contrast images 
located the spots to be under tricellular junctions or under large gaps between cell borders 
(Figure 16). 
To add to the experiment, when RPE-NA and FITC-A tracer solutions were applied 
together, 99.1±1.2% (n=6 isolations) of RPE-NA binding sites coincided with the spots of 
FITC-A. When the tracer solution of FITC-A and RPE-NA were applied together to the wells 
at the same time, images showed rings of RPE-NA occurring around the FITC-A spots 
(Figure18). When RPE-NA was applied to the monolayer followed by FITC-A with a 30 
second delay, we did not observe the obvious RPE-NA rings around the FITC-A spots and 
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saw both tracers were binding in the same locations (Figure 19). The results suggest that the 
two tracers compete for the same binding sites; the smaller FITC-avidin is transported and 
binds first, followed by RPE-NeutrAvidin, leading to purple rings around the green spots. 
Qdot 800-streptavidin bound under the cells (Figure 17). Comparison with the phase 
contrast and VE-cadherin stained PAEC images showed that the tracer had bound under the 
cells except for regions under the nuclei suggesting that the nucleus provided a barrier to the 
transcellular transport of the tracer. Interestingly, when the Qdot800 tracer was not pre 
filtered using the Amicon filters, occasional ring like binding patterns were seen at tricellular 
junctions, similar to those seen when RPE-NA and F-NA were applied to the monolayer 
simultaneously. This suggested that there were different sized quantum dots or unbound 
streptavidin molecules mixed with Qdot800 tracer. 
 
Figure 14 Confocal image showing FITC-avidin (green) with DRAQ5-stained nuclei 
(red) and greyscale phase contrast image. Overlaying these channels demonstrates tracer 
localisation under bicellular and tricellular junctions. Bar = 20 µm 
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Figure 15 Confocal image showing FITC-NeutrAvidin (green) with DRAQ5-stained 
nuclei (red) and greyscale phase contrast image. Overlaying these channels demonstrates 
tracer localisation under bicellular and tricellular junctions. Bar = 20 µm 
 
Figure 16 Confocal image showing RPE-NeutrAvidin (purple) with DRAQ5-stained 
nuceli (red) and greyscale phase contrast image. Overlaying these channels demonstrates 
tracer localisation under tricellular junctions. Bar = 20 µm 
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Figure 17 Confocal images showing Qdot800 Streptavidin (yellow), VE-cadherin (blue) 
and greyscale phase contrast image of the cells. Overlaying these channels demonstrated 
tracer localization under the cells, except in nuclear regions. Bar = 20 μm 
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Figure 18 Confocal image showing FITC-avidin (green), RPE-NeutrAvidin (purple) and 
DRAQ5-stained nuclei (red). The overlay suggests that the two tracers compete for the 
same binding sites; the smaller FITC-avidin is transported and binds first, followed by RPE-
NeutrAvidin, leading to purple rings around the green spots. Bar = 100 μm. 
 
Figure 19 Confocal image showing FITC-avidin (green), RPE-NeutrAvidin (purple) and 
DRAQ5-stained nuclei (red). FITC-avidin was added to the well 30s after RPE-NeutrAvidn. 
In the overlay, the purple spots are surrounded by green rings. Bar = 20 μm 
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Live imaging of FITC-A permeation across a static culture of a monolayer of PAECs 
suggested that these spots near tricellular junctions were areas of increased permeability and 
allowed for both the FITC conjugated avidin tracers to move more easily across the 
monolayer compared to the bicellular junctions. The live imaging revealed that the spots were 
observed first (Figure 20). When the accumulation of the FITC-Avidin under the live 
monolayer was quantified over three minutes, results indicated a 17.33% reduction in the 
average rate of tracer accumulation compared to the first minute. Hence even for the smallest 
tracer there was a small saturation of sub-endothelial avidin binding sites after this duration 
of exposure. For this reason, accumulation over three minutes was assumed to indicate 
monolayer permeability for our experiments (Figure 21). However, the reduction in the 
average rate of tracer accumulations suggests that particularly at areas of increased 
permeability such as the tricellular junctions, observations will be an underestimate of the 
actual permeability of this pore. More tracer passing through this junction will result in faster 
saturation of the biotin binding sites underneath and as the spot size grows the lateral 
diffusion distance of the tracer will increase and therefore result in an underestimate of the 
monolayer permeability over longer periods of tracer application.    
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Figure 20 Live cell imaging of FITC-avidin permeation through a monolayer of PAECs. 
Confocal image showing FITC-avidin (green) binding at different time points with greyscale 
phase contrast image and overlay images. Bar = 20 μm 
 
Figure 21 Sub-endothelial accumulation of FITC-avidin as a function of time. Tracer 
fluorescence was measured by confocal microscopy of a living monolayer using a x10 
objective and 3x zoom. Tracer was added to the well at t = 9 s. A second-order polynomial 
was fitted to the data. 
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In order to identify the areas of increased permeability (spots) in relation to 
intercellular junctions, we stained our static culture of endothelial monolayer grown on 
biotinylated gelatin for VE-cadherin after cells were exposed to a tracer made up with 0.38 
µM FITC-A.  Confocal images revealed that these many of the spots lay under breakages in 
VE-cadherin and the majority of these discontinuity were found where three cells came 
together to form a junction although there were some found between junctions established by 
two cell borders (Figure 22). 
 
Figure 22 Confocal image representing FITC-avidin (green) binding, VE-cadherin-
stained PAECs (blue) and DRAQ5-stained nuclei (red). Overlaid image of the three 
channels demonstrates tracer localisation under bicellular and tricellular junctions. Arrows 
represent breaks in the VE-cadherin stained borders, bar = 20 µm. 
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3.3.2 Effects of chronic and directionally varying shear stress on endothelial 
permeability 
The 19x19 pixel spatially resolved permeability maps produced by the plate reader did not 
show any systematic inhomogeneities in monolayer permeability to FITC-NeutrAvidin, RPE-
NeutrAvidin or Qdot 800-streptavidin across wells cultured under static conditions (Figure 23 
a, c and e). Monolayers exposed to FITC-NeutrAvidn and RPE-NeutrAvidin under shear had 
increased permeability at the centre of the well and decreased permeability towards the edge 
of the well (Figure 23 b and d). Monolayers exposed to Qdot 800-streptavidin under shear 
showed an overall decrease in permeability across the well (Figure 23 f). Finally, to confirm 
that the pixels were contiguous from the plate reader, a cross was drawn in a well of a 12-
well plate using a yellow fluorescence highlighter marker pen (Stabilo) with the two lines 
crossing at the centre of the well and scanned using the well scan function of the plate reader. 
The lines were drawn using a ruler and the walls of plate were used as guides to allow for the 
two lines to be perpendicular to each other. Results from the plate reader did produce a cross 
but it was not symmetrical. A small rotation of the cross was observed (Figure 24). This small 
rotation may have been due to how the two lines were drawn, placement of the plate in the 
plate holder or positioning of the sensor within the plate reader. However, the well scan 
function of the plate reader did capture the overall detail of the cross and therefore we 
considered our results of our 19x19 spatially resolved permeability maps to be true.    
Histograms of permeability with and without shear at different radial distances from 
the centre of the well show that the fractional increase in permeability induced by shear at the 
centre of the well was smaller for RPE-NeutrAvidin than for FITC-NeutrAvidin and also 
revealed that the effect decreased faster with radial distance, and that the final reduction in 
permeability was larger for RPE-NeutrAvidin. The effect of shear was significant at all radii 
except 3-4 mm (p=0.74) for FITC-NeutrAvidin and 2-3 mm (p=0.058) for RPE-NeutrAvidin 
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(Figure 25 a and b). The permeability for the Qdot 800-Streptavidin was significantly 
decreased by shear at all radii examined (all p<0.05); there was a slight rise in permeability 
under shear from the centre of the well towards the edge of the well (Figure 25 c). 
 
Figure 23 Average 19x19 spatially resolved permeability maps of monolayer 
permeability. FITC-NeutrAvidin permeability under a) static conditions and b) shear, RPE-
NeutrAvidin under c) static conditions and d) shear (n=6 isolations in each case), and Qdot 
800-streptavidin under e) static conditions and f) shear (n=3 isolations). Intensity values are 
in arbitrary units. 
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Figure 24 19x19 spatially resolved map of a cross drawn in a well using a fluorescent 
marker. Colour bar represents arbitrary fluorescence units. 
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Figure 25 Histogram showing mean and standard deviation of PAEC monolayer 
permeability (arbitrary units) with and without shear at different radial distances from 
the centre of a well. a) FITC-NeutrAvidin, b) RPE-NeutrAvidin and c) Qdot 800-
streptavidin. n=6 isolations for FITC-NeutrAvidin and RPE NeutrAvin, and n=3 isolations 
for Qdot 800-streptavidin. (In (a) and (b), a plot of transWSSmin has also been included) 
 
 
0
0.2
0.4
0.6
0.8
1
1.2
0
1
2
3
4
5
t
r
a
n
s
W
S
S
m
i
n
 
(
n
o
r
m
a
l
i
s
e
d
)
P
e
r
m
e
a
b
i
l
i
t
y
 
(
R
F
U
)
Distance from centre of the well (mm)
b
SHEARED STATIC transWSSmin
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1
P
e
r
m
e
a
b
i
l
i
t
y
 
(
R
F
U
)
Radial distance from centre of well (mm)
c
SHEARED STATIC
79 
 
3.3.3 Effects of chronic and directionally varying shear stress on endothelial orientation 
The orientations of endothelial cell nuclei at different radial distances from the centre of the 
well revealed all orientations were approximately equally represented without shear (Figure 
26). However endothelial cell orientation displayed peaks occurring at -85° and +85° with 
increased radial distance (i.e at about 90º to the radius).  
Under shear orientation remained approximately equally distributed near the well 
centre but a single peak dominated for both nuclei and cell orientation towards the edge 
(Figure 27). A modal value, extracted using the polynomial curve, that increased with radial 
distance to -45° (-55° at 6-7 mm interval) for nuclear orientation; for endothelial cell 
orientation, modal values increased up to -65° with increased radial distance.  
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Figure 26 Orientations of endothelial cell and nuclei cultured under static conditions. Defined as the angular deviation of the long axis of 
the cell or nuclei from a radial line to the centre of the well, with positive numbers indicating a clockwise rotation of the end of the cell or 
nucleus nearest the centre of the well. N= 3 isolations. 
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Figure 27 Orientations of endothelial cell and nuclei sheared for 7 days on the orbital shaker. Defined as the angular deviation of the 
long axis of the cell or nuclei from a radial line to the centre of the well, with positive numbers indicating a clockwise rotation of the end of 
the cell or nucleus nearest the centre of the well. N= 3 isolations.
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3.3.4 Effects of different durations of multidirectional shear stress on monolayer 
permeability 
Permeability increased radially for cells exposed to shear stress for two and six hours (Figure 
28). Monolayers sheared for four hours showed a decrease in permeability until around 5 mm 
where it started to increase towards the edge of the well. Endothelial cells exposed to shear 
for eight hours showed an increase in permeability at the centre of the well compared to the 
rest of the well where it decreased. Monolayers that were sheared for one, four and five days 
showed an increase in permeability at the centre which decreased until approximately 4.5 mm 
where the permeability started to rise again moving towards the edge of the well (Figure 29). 
Endothelial cells that were sheared for two and three days had a much higher permeability at 
the centre (with values close to monolayers that were sheared for two or four hours) with 
permeability decreasing radially. 
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Figure 28 Distribution of permeability over 2-8 hours for sheared endothelial monolayers. Solid lines represent the mean and dotted 
lines represent the standard deviations. N=3 isolations
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Figure 29 Distribution of permeability over 1-5 days for sheared endothelial monolayers. Solid lines represent the mean and dotted lines 
represent the standard deviations. N=3 isolations
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3.3.5 Effects of different durations of multidirectional shear stress on NF-kB p65 
translocation, nuclear orientation and permeability 
NF-κB p65 translocation was defined as a ratio of NF-κB p65 present inside and outside of 
the nucleus. As shown in Figure 30, monolayers that were exposed to two hours of shear (the 
shortest time examined) showed a relatively constant level of NF-κB p65 translocation from 
the centre of the well up to a radial location approximately of 3.5 mm where we observed a 
gradual rise in NF-κB p65 translocation peaking at 5.75 mm. Cells that were sheared for 
longer durations all exhibited a decrease in NF-κB p65 translocation compared to their initial 
starting points from the centre of the well to around 4.5 mm followed by an increase towards 
the edge of the well, with high translocations values seen at the edge. A very sharp increase 
of NF-κB p65 translocation could be detected for cells sheared for four hours at the edge, 
leading to the 2h value being exceeded. The trend continued for cells that were sheared for 
one day. In Figure 31, monolayers that were exposed to shear for longer than one day all 
showed a relatively constant NF-κB translocation radially with no larger peaks or dips in the 
graphs.  
We observed a gentle increase in NF-κB p65 translocation from the centre to the edge 
of the well for monolayers sheared for five days. When we observed the quantity of NF-κB 
p65 in the nuclei and outside the nuclei separately, at the centre of the well concentrations of 
NF-κB p65 outside the nuclei were elevated compared to other locations along the radius for 
monolayers sheared for five days (Figures 32 and 33).  
We observed that if there was a small increase in the concentration of NF-κB p65 
inside the nuclei, we detected an increase in the NF-κB p65 concentration outside the nuclei 
and the opposite was also observed to be true. However, when a sharp increase in NF-κB p65 
concentration was observed in the nuclei, the concentration of NF-κB p65 outside the nuclei 
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fell dramatically. This can be seen for endothelial monolayers that were sheared for four and 
six hours. At the edge of the well, the concentration inside the nuclei increases significantly 
and the concentration of NF-κB p65 outside the nuclei drops sharply. Overall concentration 
of NF-κB p65 inside and outside the nuclei of endothelial monolayers were lower for 
chronically sheared endothelial monolayers compared to the monolayers exposed to acute 
shear stress (p<0.05). 
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Figure 30 Levels of NF-κB p65 translocation represented at different radial locations in endothelial cells sheared on the orbital shaker 
for 2 to 8 hours. Solid lines represent the mean and dotted lines represent the standard deviations. N=3 isolations
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Figure 31 Levels of NF-κB p65 translocation represented at different radial locations in endothelial cells sheared on the orbital shaker 
for 2 to 8 hours 1 to 5 days. Solid lines represent the mean and dotted lines represent the standard deviations. N=3 isolations
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Figure 32 Levels of NF-κB p65 inside and outside the nuclei represented at different radial locations in endothelial cells sheared on 
the orbital shaker for 2 to 8 hours. Solid lines represent the mean NF-κB p65 inside the nucleus and dotted lines Solid lines represent the 
mean NF-κB p65 outside the nucleus. N=3 isolations
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Figure 33 Levels of NF-κB p65 inside and outside the nuclei represented at different radial locations in endothelial cells sheared on 
the orbital shaker for 1 to 5 days. Solid lines represent the mean NF-κB p65 inside the nucleus and dotted lines Solid lines represent the 
mean NF-κB p65 outside the nucleus. N=3 isolations
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3.3.6 Effects of different durations of multidirectional shear stress on endothelial 
nuclear orientation, alignment and shape index 
Figure 34 shows no significant changes in nuclear orientation for monolayers that were 
sheared for less than two days. Cells that were exposed to shear for two days or more showed 
a peak in cell population aligned to the -45° starting at the 2 to 3 mm interval. These peaks 
became more prominent as the duration of the shear increased. The modal value of 
orientation reached -55° at 6 to 7 mm intervals for monolayers exposed to four and five days 
of shear. This result was also seen for cells that were exposed to seven days of shear in Figure 
16. 
The nuclear shape index of monolayers increased from two to six hours of shear 
followed by a gradual decrease to levels that were lower (i.e. nuclei were more elongated 
than the initial values), as shown in Figure 35. A minor increase in nuclear shape index 
values for cells exposed to four days of shear was observed followed by a sharp decrease for 
the monolayers exposed to shear stress for five days and no statistically significant 
differences in the radial distribution of the shape index. 
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Figure 34 Orientations of endothelial nuclei sheared on the orbital shaker for different durations. Histogram of PAEC nuclear 
orientation after a) 2 hours b) 4hours c) 6 hours d) 8 hours e) 1 day f) 2 days g) 3 days h) 4 days and i) 5 days fo shear.N=3 isolations 
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Figure 35 Changes in the nuclear shape index over time for sheared endothelial cells. Bars represent the mean shape index value and 
error bars represent the standard deviations. N=3 isolations.
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3.3.7 Characterising the shear stress patterns in the orbiting wells 
The instantaneous snap shots of the wave travelling within the well can be seen in 
Figure 40. The maximum height of the wave for CFD and experimental cases were observed 
at a radius of 9 mm. However, wave height of the experiment was 9.86% lower compared to 
the computed results. CFD calculations of the wave height at a radius of 9 mm was 3.65 mm, 
whereas experimental result of the wave height was 3.29  0.13 mm (Figure 39). 
The magnitude of the wall shear stress vectors exerted on the base of the well at one 
instant was mapped using CFD (Figure 36). The pattern remained constant but rotated around 
the centre of the well in synchrony with the wave. This resulted in all the cells experiencing 
the same temporal pattern of wall shear stress magnitude at a given distance from the centre, 
although with phase shifts from one another. The temporal pattern varied continuously from 
the centre to the edge of the computational domain. At the centre, the magnitude was 
approximately constant over time, but a bifurcated oscillation was observed at other radii, and 
its magnitude increased on moving from the centre. 
Wall shear stress vectors, represented in Figure 37, pointed broadly to the direction of 
the wave front at each instant. Therefore, the directionality of the wall shear stress vector 
changed between the centre and the edge of the well. There was no preferred direction at the 
centre of the well; the vector rotated through 360°, spending equal time in each direction and 
having equal magnitude at each time, reflecting the rotational symmetry at this point. There 
were larger vectors present in the tangential than the radial direction at increasing radii and 
the vectors were larger and lasted for a longer portion of the cycle in the negative (i.e. 
towards the centre) than the positive direction. At the largest radius examined, the flow was 
dominated by tangential vectors and there were no positive radial vectors. 
Four established wall shear stress metrics (TAWSS, MagMean, OSI and TransWSS) 
were mapped over the base of the well and a novel metric, the minimum transWSS 
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(transWSSmin) was also computed. TransWSSmin was a generalisation of TransWSS and 
was associated with the angle 𝜙 that minimised the time-average WSS components 
perpendicular to it:  
transWSSmin ← min
𝜙∈[0,2𝜋]
 
1
T
∫ |τ⃗ w ∙ (𝑒 𝑧  × (
cos𝜙
sin𝜙
0
))|
T
0
dt 
 
The five WSS metrics varied in magnitude with increasing radius (Figure 36). 
TAWSS decreased, whereas MagMeanWSS increased. The OSI, transWSS and 
transWSSmin decreased with increasing distance from the centre, like TAWSS, but their 
curves showed somewhat different shapes.  
 
Figure 36 Right, map of the instantaneous wall shear stress (WSS) magnitude acting on 
the base of the well. The radius of the map has been truncated so that only the area of the 
well covered by the scanning plate reader is shown. Left, WSS magnitude for different 
radii throughout one cycle (2π radians). 
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Figure 37 Polar plot of the magnitude and direction of instantaneous WSS vectors 
during one cycle, with different colours representing different radial positions. Each 
point of the curve represents the tip of the WSS vector, with its origin at 0,0, at a single 
instant. The points are spaced at 10 ms intervals. A uniformly rotating vector would appear as 
a circle centred on the origin. A vector that oscillated between forward and backward uniaxial 
flow would appear as a line along one of the axes. 
105 
 
 
Figure 38 WSS metrics as a function of distance from the centre of the well. Each metric 
has been normalised by its maximum value. Small ripples in the lines are artefacts, caused by 
the finite size of mesh elements 
 
Figure 39 Comparison of the free surface height at 150 rpm and 2 mL of medium 
obtained from CFD modelling and experiments. 
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Figure 40 Visualisation of the free surface at 150 rpm with 2 mL of medium obtained 
from snap shots from experiments. Colour bar represents the height of the medium in mm. 
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3.4 Discussion 
In the study by Dubrovskyi et al, FITC-avidin (69 kDa, similar to albumin) was clearly 
transported through bicellular junctions. The lines were sometimes discontinuous, consistent 
with structural inhomogeneity. Furthermore, not all bicellular junctions were involved, 
suggesting that the permeability of this pathway may be regulated to some extent. The lines 
of uptake were narrower and more clearly defined in our study than in that of Dubrovskyi, 
despite the use of the same concentration of tracer and duration of application. We used cells 
at passage 2 cultured for >7 days whereas Dubrovskyi et al used passages 5-8 cultured for 2-3 
days; hence our endothelium may have had tighter junctions. The discrepancy between the 
results could also be due to the pulmonary artery endothelial cells, used by Dubrovskyi et al, 
developing intrinsically looser junctions than the aortic endothelial cells used in our 
investigations, perhaps because the latter are exposed to higher pressure in vivo.  
When a tracer made up of FITC-NeutrAvidin rather than FITC-avidin was used, the 
same general trends were observed. However, the lines produced by the tracer going through 
bicellular junctions and binding to the biotinylated gelatin were generally broader and less 
continuous, and binding at tricellular junctions was less pronounced, although exceptions 
were observed. The images resembled those obtained by Dubrovskyi et al for FITC-avidin. 
The difference in the two binding patterns could be due to interactions of the glycocalyx and 
the highly charged FITC-avidin molecules. Attachment of the FITC-avidin molecules to the 
glycocalyx found on the cell surface would create a layer of charge which would limit the 
transport of unattached FITC avidin (Levick & Michel 1973; Turner et al. 1983).   
Experiments were conducted with RPE-labelled NeutrAvidin to shed light on the 
physical nature of the large pores. RPE alone is expected to have a Stokes-Einstein radius of 
approximately 5.5 nm (MacColl et al. 1996) and the tracer would therefore not pass through 
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the small pores to a significant extent. Our study showed RPE-NeutrAvidin crossed the 
endothelium primarily at, or in close proximity to, tricellular junctions, and not through 
bicellular junctions, implying that the tricellular junctions could serve as a pathway for larger 
macromolecules, at least in cultured endothelium.  
Interestingly, not all tricellular junctions were involved, suggesting that these 
junctions could be regulated as suggested. We are not aware of any previous studies 
demonstrating this phenomenon in the vascular endothelium although previously suggested 
by Tarbell et al (Tarbell 2010). Krug et al (Krug et al. 2009) established that tricellular 
junctions were important in transport across cultured epithelium, but only for solutes of 
relative molecular mass up to 20 kDa; 70 kDa dextran (similar in mass to avidin) was used as 
an impermanent marker, clearly indicating very different barrier properties of the epithelium 
and endothelium. Structures and processes which have been identified with the large pores 
include vesicular transcytosis, transient vesicular fusion with transfer of contents, patent 
transcellular tubes derived from fused vesicles, large pores formed near intercellular 
junctions, vesiculo-vacuolar organelles, stigmata and stomata, and transiently widened 
intercellular junctions occurring as a result of cell turnover, injury or apoptosis (Schnitzer et 
al. 1994; Chen 1995b; Dvorak & Feng 2001; Majno et al. 1985).  
The tricellular junctions of the endothelium are known to be the preferred sites for 
leukocyte transmigration (Burns et al. 1997). Tricellular junctions have a number of features 
that make it a convincing candidate for the large pore. First, these junctions occupy a smaller 
fraction of the endothelial surface area than the bicelluar junctions. Second, our investigation 
of permeability indicate they are wider than the bicellular junctions, we have seen our larger 
sized tracer (RPE-NeutrAvidin) bind under the tricellular junctions, seen increased binding of 
our smaller sized tracers under the tricellular junctions compared to bicellular junctions and 
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live imaging of the transport indicated transport is faster through the tricellular junctions as 
binding of the tracer appeared under these junctions first. Third electron microscopy reveals 
that tight and adherens junctions are discontinuous at tricellular borders, with gaps ranging 
from 20 to 38nm, whilst immunofluorescence studies show breaks up to 2 μm long in the 
expression of proteins such as ZO-1 (Walker et al. 1994; Barry et al. 1995; Burns et al. 2003). 
Our results of VE-cadherin stained PAECs shows FITC-avidin spots do occur at tricellular 
junctions and breakages in the VE-cadherin staining at these junctions (Figure 22). Fourth, 
they would allow for convective transport and therefore could account in for effects of 
pressure gradients on transport.  
Qdot 800-streptavidin, which has a radius of c. 20 nm, was not seen under bicellular 
or tricellular junctions but underneath the body of the cells, suggesting the existence of a 
third, even larger, pore. We interpreted the Qdot 800-streptavidin tracer to have been 
transported through the monolayer as the permeabilisation and the numerous washing steps 
involved during the staining of the cells would have removed the internalised Qdot 800-
streptavidin in the cells which did not bind to the biotinylated gelatin underneath the 
monolayer. Excluding the washes before and after fixing the cells, the monolayers were 
washed three times with PBS after permeabilization, followed by three rinses with PBS after 
blocking the cells, another three washes after staining with the primary antibody and three 
washes after staining with the secondary antibody. This have would resulted in mostly the 
tracers bound to the biotinylated gelatin to be detected. Furthermore, early preliminary results 
of monolayers grown on non-biotinylated gelatin showed little fluorescence after the 
application of tracer, which was also consistent with results of the other smaller tracers when 
applied to monolayers grown on non-biotinylated gelatin. 
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The stark difference in the distribution of the bound tracer compared to the smaller 
tracers, the size of the Qdot 800-streptavidin molecule and the fact that it appeared to be 
absent under the nuclei all point to transportation via some vesicular process, such as 
transcytosis, transient vesicular fusion with transfer of contents, or the fusion of vesicles to 
form patent transcellular tubes (Predescu & Palade 1993; Clough & Michel 1981; 
Schneeberger 1983; Dvorak & Feng 2001). Transport of the smaller tracers may also have 
occurred to a small extent via this vesicular pathway; however, fluorescence from such 
transport would have been hard to detect because of the much brighter emission near to the 
junctions.  
The existence of three pores for macromolecule transport across cultured endothelium 
has been proposed before (Lopez-Quintero et al. 2011; Kang et al. 2014). However the 
proposed pores were bicellular junctions, vesicles, and leaky junctions created by dying or 
dividing cells. Using mathematical analysis of transport data, >90% of LDL transport and 
>40% of albumin transport under convective conditions was deduced to occur through the 
leaky junctions. Our data, obtained by direct visualisation, do not suggest a substantial role 
for leaky junctions, at least under non-convective conditions. We did observe cell-to-cell 
variation in permeability, but this was too prevalent to be explained by dying and dividing 
cells. However, vesicular transport could be pressure dependent if the pressure difference 
across endothelial cells is able to stretch and hence flatten them; its importance under 
convective conditions may therefore be underestimated in culture experiments using rigid 
substrates. 
Transendothelial transport of large macromolecules is important in many types of 
vessel but particularly in large and medium-sized arteries because of its assumed role in 
atherosclerosis. Regions of high permeability are particularly susceptible to the disease 
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(Nielsen et al. 1992), consistent with lesion formation being triggered by an excessive influx 
of cholesterol-carrying lipoproteins into the underlying wall. The patchy nature of 
atherosclerosis found along the vasculature has also been attributed to the variation in the 
blood flow characteristics along the vessels. High, low, oscillatory and multidirectional wall 
shear stress, and its spatial and temporal gradients have been all been thought pathogenic (Jo 
et al. 1991; Chang et al. 2000b; Phelps & DePaola 2000; Sill et al. 1995; Beynon et al. 2008). 
Therefore, the effects of shear on permeability are of interest.  
For FITC-NeutrAvidin and RPE-NeutrAvidin we observed that chronic application of 
shear stress led to an increase in monolayer permeability at the centre of the well and the 
permeability of the monolayer was decreased towards the edge. We did not quantify the 
effects of acute application of shear stress on the monolayers using the plate reader but we 
did observe the net permeability of the chronic application of shear stress was lower 
compared the static controls (Figure 23). This suggest the results obtained by Warboys et al. 
for albumin reflect the net permeability effects of the different flow characteristics created 
when the culture medium is rotating in the well.  Interestingly, although both tracers 
exhibited similar patterns in the reduction of permeability radially, we observed a quantitative 
difference in the reduction. The permeability of RPE-NeutrAvidin was seen to increase less at 
the centre of the well but decrease more radially compared to the static controls. These results 
suggest bicellular and tricellular junctions may respond to flow in subtly different ways. 
The radial reduction of permeability in the orbiting wells were observed to be in the 
same general direction of TAWSS, the OSI and transWSS, and in the opposite direction to 
the gradient for the MagMeanWSS. TAWSS, OSI and transWSS all showed a decrease 
radially, whereas for MagMeanWSS, showed an increase. However, none of the correlations 
were particularly convincing: the plot of radial variation in permeability had a different shape 
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from the plots for all the shear metrics. This lead us to examine the possibility of a new WSS 
metric which could correlate better with the pattern of permeability.  
Many studies report the alignment of endothelial cells parallel to the flow and it is 
thought this behaviour is due to the cells orientating themselves with the mean shear vector to 
reduce the overall shear stress that they experience (Yamaguchi et al. 2000). TransWSS 
quantifies the component of shear that is perpendicular to the direction of the mean shear 
vector at a location and quantifies the shear stress acting along the short axis of the cell under 
the assumption that cells align with the mean vector.  
However, it is conceivable that the cells may not align with the mean shear vector 
under complex flow such as multidirectional flow. Off axis flow has been reported to be 
important for upregulation of pro-inflammatory signals (Wang et al. 2013a) suggesting cells 
may have a mechanism to reduce this as well as, or rather than, to reduce the total WSS. To 
test this theory, a novel metric was computed. The new metric calculated the transverse WSS 
components that would result when the cells aligned to minimise the components of shear 
stress along their short axis and was termed transWSSmin. Interestingly, the radial 
distribution of permeability for our data for FITC-NA and RPE-NA correlated with the new 
metric. The correlation coefficients for transWSSmin and permeability were r = 0.97 for 
FITC-NA and r = 0.94 for RPE-NA (Figure 23).  
In order to further check this theory, the theoretical angles at which the cells must 
align to minimise the components of shear stress along their short axis were calculated along 
the radius of the well and an experiment was initiated to observe the orientations of 
endothelial cells in the well. The modal values of cell orientation matched closely with the 
theoretical angles of the transWSSmin implying that the cells may be aligning to minimise 
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the off axis flow (Figure 41). They were far from the angles expected if the cells were aligned 
with the mean shear stress vector.  
The 19x19 pixel spatially resolved permeability maps for the Qdot800-Streptavidin 
did not show clear regional variation of permeability as observed when using the smaller 
tracers. Regions of arteries exposed to multidirectional shear stress are thought to be 
susceptible to atherosclerosis (Mohamied et al. 2015; Peiffer et al. 2013a; Peiffer et al. 
2013b). Cells in atheroprone regions upregulate NF-Kappa B, which leads on to a cascade of 
inflammatory responses and ultimately causes cells to be leakier between junctions (Birukova 
et al. 2004; Birukova et al. 2005). This suggests an explanation for our results for FITC-
NeutrAvidn and RPE-NeutrAvidin for regional differences in permeability as the two tracers 
permeate through the intercellular junctions. (Our actual NF-κB data are discussed below.) 
However even with leakier junctions at the centre of the sheared monolayer, the Qdot800-
streptavidin seemed too large to pass through the intercellular junctions.  
The histogram suggests that transcellular permeability is not amplified by the shear stress 
characteristics studied in these investigations. Unfortunately, there have been few studies 
looking at transcellular permeability combined with shear stress, let alone shear direction. 
Early studies have suggested that shear stress increased non-specific LDL internalization 
(Davies et al. 1984; Sprague et al. 1987). This is contradictory to our results. It must be 
appreciated, however, that the study did not asses the rate of permeability across the 
monolayer, and therefore it is difficult to compare as internalization may not inevitably lead 
to increased permeability. Furthermore, uptake was examined after less than 24 hours of 
shearing and according to Warboys et al. 2010 acute and chronic exposures of shearing can 
have opposite effects on permeability.  
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An alternative explanation for uniform reduction in permeability of the Qdot 800-
streptavidin molecules may be due to the release of a soluble mediator from a region of cells. 
This soluble mediator maybe released and well mixed in the swirling culture medium and 
then affect the transcellular transport for all the cells in the well. Shear stress triggers 
mechanotransduction which leads to numerous changes to gene and protein expression that 
either act against or in favour of the development of atherosclerosis depending on the type of 
flow (Cai & Harrison 2000; Harrison et al. 2006; Lehoux & Tedgui 2003; Passerini et al. 
2004). Unidirectional shear encourages nitric oxide (NO) production which plays a key role 
in endothelial function and homeostasis by preventing several steps in the development of 
atherosclerosis. The decrease in bioavailable NO is usually linked with endothelial 
dysfunction and can be caused by endothelial cells experiencing disturbed shear stress (De 
Caterina et al. 1995; Dimmeler et al. 1999).  
Another plausible class of molecule that may be released by the endothelial cells are 
the microRNAs (miRNAs); these short non-coding RNAs facilitate posttranscriptional 
regulation of gene expression and are known to be released into the extracellular space. 
Several studies have looked at the effects of shear stress-regulated miRNAs (Ambros 2004; 
Bartel 2004; Valadi et al. 2007; Boon et al. 2012). In our experimental arrangement, certain 
cells are thought to be acting in an atheroprotective manner and others in atheroprone one due 
to the variation of shear stress patterns across the well. Therefore, the release of such 
molecules at a certain location could have an affect on other cells at different positions. It is 
possible that these molecules could be influencing the passage of Qdot800-Streptavidin 
molecules differently from FITC-NeutrAvidin and RPE-NeutrAvidin since the transport route 
is different.  
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Figure 41 The orientations of cells at different radial locations that would occur if the 
cells aligned with the mean WSS or aligned to obtain transWSSmin, and the observed 
modal orientations of cells and their nuclei. These alignments are defined as the angle 
between an axis through the cell (or its nucleus) and a line connecting the cell to the centre of 
the well; -90 and +90 are equivalent since the two ends of the nuclei are indistinguishable. 
(Data from the three locations nearest the centre of the well were excluded since χ2 tests 
showed random cellular orientations in all three replicates, and the modal values are therefore 
determined by noise, in these cases.) 
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We examined four properties of PAEC as a function of time after commencing the 
application of shear. We investigated how translocation of the transcription factor NF-κB 
(p65 subunit) varies over time in response to the shear stress within the wells, dissected the 
relationship of permeability with the different flow characteristics present in sheared wells, 
observed the adaptation of the endothelial cell alignment by quantifying the nuclear 
orientation of the cells and finally explored how the nuclear shape index evolved over time 
with shear within the wells. 
Monolayers exposed to acute shear stress had increased levels of permeability 
compared to chronically sheared monolayers (Figures 28 and 29), as has been demonstrated 
before e.g. by Warboys et al. 2010. The pattern of permeability of endothelial monolayers 
sheared for two hours revealed increased permeability radially and the levels of NF-κB p65 
inside the nuclei increased radially demonstrating acutely inflamed cell monolayers were 
more permeable (Figures 28 and 29). Mohan et al showed that low, high magnitude and low 
magnitude pulsatile shear stress upregulated NF-κB differently in human aortic endothelial 
cells. It was shown that high shear stress increased upregulation of NF-κB earlier compared 
to low shear stress and low pulsatile shear stress, with increased activity of NF-κB seen for 
low and low pulsatile shear stress compared to high shear stress over a prolonged duration of 
16 hours (Mohan et al. 1997).  
Similar results can be seen in our acutely sheared monolayers, NF-κB p65 
translocation levels were highest for our monolayers that were sheared for two hours and 
especially higher at radial distances where the wall shear stress magnitudes increased. 
However, it must be recognised that shear stress in the wells at the edge was oscillatory 
which is different from the flow used by Mohan et al. Increased shear stress durations of up 
to eight hours were shown to decrease the levels of translocation in cells further away from 
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the centre (up to 6.5 mm) but not near the centre. It is important to note that our model 
includes variations in shear stress direction which is also known to upregulate NF-κB p65 and 
therefore may show varying results (Wang et al. 2013a) 
Five days of chronic shear resulted in NF-κB p65 translocation being lowest at the 
centre of the well. When the intensities of NF-κB p65 were separated into NF-κB p65 
concentration inside the nuclei and outside the nuclei, we observed an elevated concentration 
of NF-κB p65 in and outside the nuclei. This observation explained our lower translocation 
levels at the centre compared to other radial positions on the well. NF-κB p65 concentrations 
outside the nuclei were only elevated at the centre of the well and high permeability was 
observed for the monolayers exposed to five days of chronic multidirectional flow at the 
centre of the well. A simple one-way ANOVA revealed that the mean concentrations of NF-
κB p65 in the cytoplasm was significantly different radially (p<0.05) and student t-test 
between the concentration of NF-κB p65 outside the nuclei at radial distance of 0-1mm with 
4-5 mm or 8-9 mm revealed the means to be statistically different (p<0.05).  
The higher level of NF-κB in the cytoplasm suggest that the cells at the centre of the 
well became primed after the long exposure to the multidirectional flow. The priming of the 
endothelium has been reported before, endothelial cells in regions prone to atherogenesis due 
to complex shear patterns contained elevated amounts of NF-κB p65 in the cytoplasm in vivo 
(Hajra et al. 2000).   
When we compared radial distribution of permeability with levels of NF-κB p65 in 
the nuclei (Figure 42), we saw that the shapes of the curves were similar but scatter graphs 
did not show convincing correlation between the two variables, the correlation coefficients 
can be seen in Table 7 and the scatter graphs can be seen in Figure 42. However, it is 
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plausible that NF-κB p65 has a delayed effect on permeability due to delayed protein 
expression. 
The effects of chronic multidirectional flow on NF-κB p65 translocation and 
permeability have not been directly linked in vitro but the consequences of NF-κB p65 
translocation into the nuclei resulting in numerous alterations in gene expression of the cells 
are likely to bring about the changes in permeability of the monolayer. A likely candidate 
which could possibly link the increased permeability, NF-κB p65 upregulation, including 
changes in cell morphology and orientation are the Rho protein GTPases. The Rho family of 
GTPases refer to 20 ubiquitous proteins, they are considered to be involved in cell migration, 
adhesion and the morphological changes of the cell. It has been reported that the GTPases 
RhoA and Rac1 are important in the polarisation and migration of cells in response to flow 
and RhoA, CDC42 and Rac1 have been reported as a regulator of NF-κB activation (Perona 
et al. 1997; Wojciak-Stothard & Ridley 2003).  
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Figure 42 Effects of shear stress on endothelial permeability and levels of NF-κB p65 inside the nuceli at different radial locations and 
time. Red lines represents mean NF-κB p65 inside the nucleus and black lines represent the mean permeability radially. N= 3 isolations. 
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Figure 43 Scatter graphs of permeability against NF-κB p65 concentrations inside the nuclei of monolayers sheared different 
durations. N=3 isolations
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Duration of shear stress Correlation coefficient (r) 
2 h 0.63 
4 h 0.76 
6 h -0.17 
8 h 0.30 
1 day 0.58 
2 days 0.17 
3 days 0.03 
4 days 0.45 
5 days 0.83 
Table 7 Correlation coefficients for monolayer permeability and NF-κB p65 
concentration inside the nuclei for different durations of shear stress. 
No previous studies have looked at the effects of long term multidirectional shear in vitro (>4 
days). Our investigations have identified the effects of this stimulus in terms of permeability, 
inflammation, cell morphology and orientation but lack information on what brings about 
these changes in regards to the mechanism. It will be important to investigate how these 
modifications have occurred and recognise other important adaptations which may have 
followed in order to better understand the long-term changes in the monolayer, as the 
endothelial cells are exposed to chronic shear stress in vivo.  
The current consensus on leaky junctions has been mentioned earlier. Leaky junctions 
(referring to junctions of dead, dying and dividing cells) are considered to be pores through 
which molecules can pass more easily across the monolayer. This hypothesis suggests that 
our endothelial cells at the centre of the well may be permeable due to there being a higher 
proportion of dying or dividing cells. However, this seem unlikely that dividing cells could 
explain for our increased permeability at the centre of the well as morphological evidence of 
the nuclear shape index from our results shows a decrease with five days of shear stress. A 
decrease in the nuclei shape index results in the condensing of the chromosomes which leads 
to a decrease in cell proliferation (Versaevel et al. 2012). For our five days sheared 
monolayers, nuclear alignments at the centre of the well were approximately equally 
122 
 
represented suggesting no endothelial alignment in any particular direction, but elongation of 
the nuclei was observed. 
The permeability of the monolayers sheared for five days was observed to decrease 
radially to 4.5mm (Figure 29). When we compared our permeability results with the polar 
plots of the magnitude and direction of the instantaneous wall shear stress vectors during one 
cycle in Figure 37, shear stress vectors evolve from a uniformly rotating vector with a 
constant wall shear stress magnitude at the centre of the well to vectors which were more 
defined in a specific direction containing periods of reversal of the shear stress vectors and 
small variations in wall shear stress magnitudes. Shear stress vectors at 4.5 mm away from 
the centre of the well were less multidirectional compared to the centre and when we moved 
closer to the edge of the well, the shear stress vectors transform into a uniaxial shear stress 
vector at 8 mm (Figure 37). Results demonstrated a chronic rotating shear stress vector with 
uniform instantaneous wall shear stress magnitudes (found at the centre of the well) increased 
permeability. Higher levels of NF-κB p65 in the nuclei were observed at the centre of the 
well, the concentration of the NF-κB p65 outside the nuclei was also higher (Figure 33), 
suggesting multidirectional shear stress may have primed the cells. Interestingly, these results 
also suggest cells aligned to the transWSSmin do not become primed which emphasises the 
importance of the alignment of cells and indicates endothelial cells are sensitive to the 
direction of flow.   
Our results have shown how the nuclear shape index alters over time with shear stress 
(Figure 34). The nuclear shape index increases initially, translating to the nuclei becoming 
more circular, followed by a decrease in shape index implying that the nuclei have become 
more elongated. The final value for elongation of our endothelial nuclei is lower than their 
initial value. The remodelling of the nuclei can be associated with reorganisation of the 
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cytoskeleton of the cells. Lateral compressive forces of the actin filaments are important in 
the elongation of nuclei. In elongated cells, focal adhesions created at the ends of the long 
axis of a cell allowed for the actin filaments to be established along the long axis of the cell, 
compressing the nuclei laterally and resulting in a longitudinal elongation of the nuclei 
(Versaevel et al. 2012).  
 
Figure 44 Schematic of the two-dimensional spatial organization of central actomyosin 
cables localized on either side of the nucleus. Adapted from Versaevel et al. 2012. The 
nucleus of a cell is schematically represented by a circular shape of initial radius R0 (in light 
blue) surrounded by two actomyosin fibres (dashed green lines) connected to the focal 
adhesion areas (dark grey circles) localized at the ends of the cell. On elongation, the nucleus 
(in dark blue) is significantly squeezed and oriented by straight actin cables (green lines), 
which are tightened around the nucleus. Tension forces in central actin stress fibres, Tf, result 
in lateral compressive forces, Fc acting on both sides of the nucleus over a distance 2∆R = 
2(R0 − Rx).  
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This may be the case for our endothelial nuclei, especially with greater elongation seen for 
the cells at the edge of the well for our five day sheared monolayers. This result is also 
consistent with studies reporting increased elongation of endothelial cells with greater 
magnitudes of shear stress (M. J. Levesque & Nerem 1985).  
An interesting result from our nuclear elongation data was that our four days of 
sheared nuclei shape index increased to values higher than those found in the previous day 
and the population of nuclei aligned near to -45 decreased, suggesting the reorganisation of 
the actin filaments could be a multi-step process. However, it is not clear what stimuli exist 
for the cells to become rounder on the fourth day of shearing as the only difference between 
the experiments was the duration of shearing. Many studies have linked alterations in nuclear 
shape with cell function (Dahl et al. 2008) and it will be interesting to see what changes occur 
with the endothelial cells in future studies. The higher values of nuclear shape index did not 
correlate with increased permeability of the monolayers, suggesting other factors such as 
alignment maybe be important for endothelial monolayer permeability. 
The distribution of permeability across our wells for monolayers sheared for five days 
were similar our 19x19 spatially resolved permeability measurements produced by the plate 
reader at 7 days. For each case, we observed an increase in the amount of tracer bound to the 
biotinylated gelatin at the centre of the well followed by a gradual decrease radially and an 
increase in permeability towards the edge of the well. However, this increase in permeability 
towards the edge was greater for our results obtained by measuring the intensities using the 
confocal microscope compared to the method which utilised the plate reader.  
This discrepancy raised the question of which approach was more reliable. The 
benefit of utilising the plate reader was its simplicity and the relative short scan time required 
to produce a spatially resolved permeability map but we sacrificed accurate resolution as the 
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intensities were given as an average over a large area. However, due to the sensitivity of the 
confocal approach, the results for permeability and NF-κB p65 measurements may have been 
affected by the geometry and the clear plastic well plate at radial distances close to the edge 
of the well.  
It seems likely the clear plastic walls at the edge of the well reduced to signal to noise 
ratio due to the scattering of the light. Confocal microscope scans of static cultures of passage 
2-3 PAECs permeability to FITC-NA tracer showed the intensity of the tracer bound 
increased from approximately 7 mm (Figure 45), implying that the bottom of the plate was 
not flat or there was excessive noise detected nearer the edge of the well. Unfortunately, our 
flat fielding method only corrected the non-uniformity of illumination in a tile and therefore 
could not account for the variation in the well. Future studies will be carried out on flat 
bottom glass wells with cover slip thickness and the walls of the wells will be black to reduce 
the scattering of the light.  
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Figure 45 Radial distribution of FITIC-NA permeability for confluent PAECs monolayers of passage 2-3, cultured under static 
conditions. Solid black line represents the mean permeability and dotted line represents standard deviations. N=3 isolations.
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In conclusion, the blood flow in regions prone to atherosclerosis in the vasculature is often 
described as disturbed. These disturbed flow regions have large differences in shear stress 
magnitude acting on the wall and the shear stress vectors experienced by the cells can be 
multidirectional and oscillatory. In vivo studies reported the effects of disturbed flow on the 
endothelial cells. Due to the complexity for the shear stresses involved, there was a need to 
separate the effects of different shear stress characteristics and numerous groups identified 
important changes in cell behaviour due to laminar or oscillatory flow (but not 
multidirectional shear stress) in vitro. We have reported a model which can encompass some 
of the complexity of the blood flow in vitro, our model has shown the ability to model 
multidirectional shear stress and oscillatory shear stress. Furthermore, utilising this model, 
chronically sheared endothelial monolayer permeability can be quantitatively analysed and 
potentially be correlated with numerous properties of the cell, such as investigating and 
identifying cellular/molecular working mechanisms. 
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Chapter 4 
  
129 
 
4.1 Effect of passage number on the permeability of cultured porcine aortic 
endothelial monolayers 
4.1.1 Introduction 
During our early investigations, we noticed that our PAECs’ rate of proliferation decreased 
with increasing passage number. Furthermore, we observed differences in the permeability 
between low and high passage monolayers.  Endothelial cells are known to perform a range 
of specialised functions depending on where they are found in vivo (Risau 1995; Aird 2007).  
There is substantial heterogeneity between large and small vessels and between veins and 
arteries. How endothelial cells take different pathways of differentiation is not within the 
scope of this thesis.  
However, one of the determinants is the local environment and the interaction with 
surrounding cells. When cells are extracted and cultured for in vitro studies, we remove the 
local environment and we force the cells to divide continuously after extraction, which is 
abnormal compared to in vivo. Studies have reported senescent cells to be less responsive to 
certain stimuli (Garfinkel et al. 1996). In this section we report how the permeability varies in 
relation to the passage number of our cultured PAECs. 
4.1.2 Methods 
PAECs were obtained from 14 aortas using the isolation method described in chapter 2 
section 2.1. For each isolation, the passage zero seeding density was kept the same as later 
passages by counting the number of cells after isolations and only seeding 150000 cells for 
each flask. The endothelial cells were cultured up to passage six. For each passage, cells were 
seeded on to six wells of a 96-well plate which had been coated with biotinylated gelatin The 
cells were cultured until confluent and then for a further seven days under static conditions to 
allow the endothelial cells to fully establish their junctions. 24 hours before experiments, the 
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cells were deprived of serum by changing the culture medium to DMEM containing 1% BSA 
and spatially resolved permeability experiments were carried out using FITC-avidin as the 
tracer. The cells were then fixed and scanned using the plate reader.  
4.1.3 Results 
Although 14 aortas were isolated, four aortas were lost due contaminations during 
experiments which resulted in incomplete data sets and therefore those results were excluded 
from the analysis. The pooled permeability data for each passage can be seen in the Table 8 
below and in Figure 46. The results revealed an increase in permeability and variance with 
increasing passage number suggesting these endothelial monolayers lose their ability to form 
an effective barrier as the cells aged, a one-way analysis of variance revealed that the means 
of the permeability were significantly different (p<0.05) between the different passage 
numbers.  
When the effects of passage number on endothelial monolayer permeability was 
observed for each aorta, a similar trend was seen. Permeability values were seen to increase 
with higher passage numbers. A four-fold increase was observed from passage zero to six. 
However, the RFU values differed greatly for each aorta even at identical passage numbers. 
For example, endothelial cells from Aorta 6 at passage 2 were observed to have permeability 
comparable to monolayers obtained from Aorta 4 passage 3. 
Passage No N 
(Wells) 
Permeability 
(RFU) 
S.D. 
0 60 6.1744 2.3549 
1 60 7.7538 2.7877 
2 60 9.0215 3.2181 
3 60 11.8023 3.882 
4 60 15.8775 4.5863 
5 60 21.1025 5.8409 
6 60 24.6368 6.7445 
Table 8 Table of pooled mean permeability of PAECS for different cell passage 
numbers. 
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Figure 46 Pooled mean permeability of PAECS for different cell passage numbers. Bars 
represent standard deviations, N = 10 isolations. 
 
 
Figure 47 Mean permeability of PAECs for increasing passage number from different 
aortas. Bars represent standard deviations, N= 6 wells per isolation.  
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4.1.4 Discussion 
In vitro investigations allow the study of isolated external factors on the endothelium. 
Furthermore, they are relatively inexpensive compared to in vivo studies and have high 
throughput. However, a major disadvantage is that the cells are removed from the natural 
environment, which can remove important interactions. Many groups have utilised high 
passage cells for their investigations; DePaola et al 1998. used passage 6-8 bovine aortic 
endothelial cells (BAEC), Dubrovskyi et al 2013 used passage 5-8 human pulmonary artery 
endothelial cells (HPAEC), Wang et al used passage 8-10 BAECs, Kang et al 2014 utilised 
passage 4-7 BAECs and many more.  
Our result shows, at least for PAEC permeability, that monolayer permeability 
increases with increasing passage number. It is unknown whether other behaviours of the cell 
such as molecular signalling are affected by passage number but our results underscore the 
importance of using low passage cells for permeability studies. In the present study, we use 
passage 2, where permeability is increased on average on 45% compared to passage zero. 
Future studies should examine transport routes at sub-cellular resolution at even lower 
passage numbers, and investigate whether the same trend is seen for transcellular transport. 
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4.2 Development of a method for region specific culture of endothelial cells 
combined with spatially resolved permeability measurements 
4.2.1 Introduction 
Computational modelling of flow within the wells of culture plates placed on the orbital 
shaker revealed that shear stress vectors vary depending on location (Chapter 3 section 3.3.7). 
To take advantage of this variation in the shear stress characteristic within the wells, we 
developed a method that allows culture of endothelial cells at only specific locations in a 
well, prohibiting the cells from spreading and colonising other areas of the well. This 
required fibronectin rather than gelatin because of the difficulty of adsorbing gelatin to 
pluronic treated culture plastic. Furthermore, we have developed a method in which we could 
measure the permeability of these cluster of cells. 
4.2.2 Methods 
4.2.2.1 Production and optimisation of biotinylated fibronectin 
Seven 1mL vials of 0.5 μM of fibronectin were made by diluting 100 μL from a stock 
solution of fibronectin (F1141 Sigma) in 900 μL of PBS. 6.1 mg of EZ-Link NHS-LC-LC-
Biotin (21343 Life technologies) was dissolved in either 1 mL of ethanol or 1 mL of DMSO 
for two hours at room temperature on a chemical tube roller mixer. Different volumes of the 
EZ-Link NHS-LC-LC-Biotin solution were then added to the vials of the fibronectin solution 
to create 50:1, 100:1, 150:1, 200:1, 250:1 and 300:1 molar ratios of biotin to fibronectin. The 
vials were then placed on a chemical tube roller mixer for two hours at room temperature to 
allow for biotinylation to occur.  
Following the production of the biotinylated fibronectin solutions, 66 μL of each of 
the different biotinylated fibronectin solutions were pipetted into three wells of a 96-well 
plate and left to coat the wells overnight at 4
 o
C. After the overnight coating process, the 
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contents of the wells were removed and each well was washed five times with 100 μL of 
PBS. A tracer solution of 0.38 μM of FITC-avidin was prepared in PBS and 66 μL of the 
tracer solution was then added to each of the biotinylated fibronectin coated wells. The FITC-
avidin tracer solution was left in the wells for three minutes and then removed. The wells 
were then washed with 100 μL of PBS for each well ten times to remove as much of the 
unbound tracer as possible. Finally, the amount of the tracer bound to the wells was examined 
by detecting the fluorescence in the wells using the plate reader. 
4.2.2.2 Visualisation of spatially resolved permeability of endothelial monolayers cultured 
on biotinylated fibronectin 
Porcine aortic endothelial cells were obtained from using the methods mentioned in section 2. 
Based on the results from our optimisation experiments, a 150:1 molar ratio of biotin to 
fibronectin (equivalent to 75 μM of biotin in a 0.5 μM fibronectin solution) was placed in 
solution. Wells of 96-well plates were coated with the resulting biotinylated fibronectin 
overnight, washed and PAECs of passage 2 were seed at a density of 4000 cells per well. 
Once the cells reached confluence the cells were cultured for a further five days. 24 h before 
the experiments the cells were serum starved. A 0.38 μM tracer solution of FITC-avidin was 
added to the wells for three minutes followed by multiple washings with PBS. The cells were 
then fixed, nuclei were stained using DRAQ5 and tracer and were imaged using the confocal 
microscope. 
4.2.2.3 Seeding cells at specific locations on wells 
A cloning ring with a radius of 2 mm was placed at the centre of a well of an untreated 6-well 
plate. 50 μL of biotinylated fibronectin was pipetted into the cloning ring and was left to coat 
the surface for one hour at room temperature. The biotinylated fibronectin was aspirated out, 
the cloning ring was removed and the well was left to dry for 1 h at room temperature. The 
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well was washed with 2 mL of PBS to remove any excess biotinylated fibronectin. After the 
washing, the well was flooded with 2 mL of a 1% Pluronic F-127 solution made in PBS and 
left for one hour at room temperature to coat the well. The pluronic solution was then 
removed and washed with PBS three times.  
PAECs of passage 4 were seeded at a density of 100,000 cells per well and were left 
in an incubator to attach for two hours. The culture medium was then changed to remove any 
unattached cells and culture of the adherent cells were continued for a further 6 days, with 
medium being renewed every 2-3 days. The cells were then serum starved for the seventh day 
of culture and a tracer experiment was carried out using 0.38 μM solution of FITC-
NeutrAvidin. The cells were fixed after the experiment and the nuclei were stained with 
DRAQ5 followed by imaging with the confocal microscope. 
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4.2.3 Results 
Biotinylation of fibronectin using DMSO and ethanol were both successful, with Figures 48 
and 49 suggesting similar binding efficiency. Based on the optimisation experiments a 150:1 
molar ratio of biotin (dissolved in ethanol) to fibronectin was used to create biotinylated 
fibronectin for the other investigations.  
Confocal images of PAECs cultured on the biotinylated fibronectin coating after the 
application the FITC-avidin tracer revealed similar binding patterns of the tracer seen for 
PAECs cultured on biotinylated gelatin: lines and spots could be identified in Figure 50 and 
limited fluorescence was seen for the controls in Figure 51.  
Seeding PAECs at a specific location in a well was successful and the pluronic 
solution did not have an effect on cell adhesion in the biotinylated fibronectin coated region 
(Figure 48). Confocal images after application of the FITC-NeutAvidin tracer also showed 
that the permeability assay functioned properly (Figure 53), although a distinct ring of tracer 
bound at the edges of the coated region could be seen (Figure 54).  
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Figure 48 FITC-avidin bound to biotinylated fibronectin made with different 
concentrations of biotin dissolved in ethanol. Error bars represent the standard deviation 
n=3. 
 
Figure 49 FITC-avidin bound for biotinylated fibronectin made with different 
concentrations of biotin dissolved in DMSO. Error bars represent the standard deviation 
n=3. 
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Figure 50 Confocal image of PAECs on biotinylated fibronectin. FITC-avidin (green) 
with DRAQ5-stained nuclei (red). Overlaying these two channels demonstrates tracer 
binding under bicellular and tricellular junctions. Bar= 20 µm 
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Figure 51 Confocal image of PAECs seeded on non-biotinylated fibronectin. FITC-avidin 
(green) with DRAQ5-stained nuclei (red). Bar= 20 µm 
 
 
Figure 52 Image of PAECs being restricted to a region by coating the surface of the well 
with fibronectin and flooding the rest of the well with a 1% Pluronic solution 
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Figure 53 Confocal image of PAECs seeded at the centre of the well. FITC-avidin 
(green) with DRAQ5-stained nuclei (red). Overlaying these two channels demonstrates 
tracer binding under junctions. Bar= 1 mm 
 
 
Figure 54 Confocal image of the above PAECs, zoomed in at the periphery of the circle. 
Bar = 50 μm 
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4.2.5 Discussion 
Endothelial cells have been shown to sense mechanical forces such as shear stress caused by 
fluid flowing over the cells, leading to alterations in cellular structure and function. 
Numerous research groups have used parallel plate flow platforms to examine the 
relationship between fluid shear and endothelial response. However, parallel flow chambers 
are expensive, require large amounts of flow medium for even small populations of cells and 
are difficult to run for long term experiments as the pump has to stay outside the incubator, 
increasing the chance of contaminations. Furthermore, it is challenging to collect and 
measure soluble factors/metabolites due to the large volumes required for the flow 
experiments. Cone and plate bioreactors can overcome some of the problems faced when 
using the parallel plate flow chambers but they are expensive, take up large areas in the 
incubator and long term shear stress studies are challenging as the experimental set up 
requires the medium to be exposed inside the incubator and therefore the fluid can evaporate. 
Flow studies using the orbital shaker can overcome these problems and can be set up 
using standard laboratory equipment. Multi-well plates can be used and stacked up on each 
other to carry out high throughput studies, and these plates can be imaged using conventional 
microscopy set ups. However, the major disadvantage of the orbital shaker compared to other 
methods is the shear stress produced in the wells. The shear stress magnitude and the 
direction of the shear stress vector experienced by the cell differs depending on their location 
in the wells. Earlier studies have looked at effects of shear stress on permeability of cell 
monolayers using the orbital shaker to shear the monolayers but the method did not correlate 
the differences in the shear stress characteristics (Warboys et al. 2010).  
The method for spatially resolved permeability measurement presented in section 
chapter 3 highlighted this issue and exploited the variation in shear stress characteristics to 
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correlate the different responses of the monolayer within the wells. However, there remains 
the possibility that cells in one region may release a soluble mediator, affecting cells in 
another region; this effect could explain the even suppression of Qdot transport by uneven 
shear patterns. In this section we have presented a technique which can further the method for 
investigating the relationship between shear stress and endothelial response by culturing 
endothelial cells only in specific locations of the well.  
Unfortunately, a different substrate was required to culture the endothelial cells as 
coating biotinylated gelatin followed by the application of the pluronic solution limited 
endothelial cell attachment. Furthermore, the method involved using commercially available 
cloning rings to segregate a region during the coating procedure, however commercially 
available cloning rings have a limited range of sizes.  
To exploit the various shear stress characteristic present in the well, a new tool will be 
required to accurately isolate areas for coating. A possible method would be to utilise 3D 
printing to construct different sized rings after determining the parameters of future flow 
experiments. Developing this method would allow for investigation of soluble mediators that 
may be released by the cells exposed to different shear stress, this would be possible as the 
ratio of surface area of cells to the volume of medium used to shear the experiment is larger 
compared to popular in vitro methods to apply mechanical shear. Identifying elevated levels 
of certain mediators in response to multidirectional flow in vivo may allow for the early 
identification of the disease, especially if these local risk factors are combined with global 
risk factors such as hyperlipidaemia. Furthermore, this method could be used to examine 
large macromolecule permeability and find potential targets to reduce hyper permeability 
caused by the different shear stress characteristics. This will be valuable in understanding the 
disease and possibly identify new drug targets. 
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4.3 Development of an alternative assay for spatially resolved permeability 
measurements using an albumin based tracer 
4.3.1 Introduction 
In our current investigation, we have looked at the transport properties of the endothelium 
using avidin-based tracers. However, many in vivo studies obtain permeability data by 
recording the uptake of albumin-based tracers by the vessel walls (Bailey et al. 2015; Mohri 
et al. 2014) and there have been reports that albumin may not only pass through the 
endothelium via the paracellular route but transcellularly. Studies have identified specific 
interactions between a 60kDa endothelial cell surface albumin binding glycoprotein, gp60 
(also known as albondin) and caveolin-1. (Schnitzer et al. 1994, Tiruppathi et al. 1997, 
Minshall et all 200). In this section, we discuss a method to obtain spatially resolved 
permeability measurements of the endothelium using Evans Blue Dye (EBD)-labelled 
albumin as a tracer. Evans Blue Dye (EBD) binds to albumin, but has a higher affinity for 
elastin (Heinle & Lindner 1984).  
When EBD-labelled albumin tracer permeates an endothelial monolayer resting on a 
polymerized collagen gel containing elastin particles, the EBD from the albumin should 
therefore bind to the elastin molecules at its site of transport, resulting in a trace that can be 
analysed. Our early experiments using a collagen gel mixed with soluble elastin produced 
promising results. Endothelial cells were cultured on the surface of a collagen matrix 
containing soluble elastin. These cells were cultured until confluent and an EBD-labelled 
albumin tracer was applied to the surface of the monolayer for 30 minutes. The distribution of 
the bound tracer, determined after washing by observing the wells with the confocal 
microscope, suggested transcellular and paracellular transport of the tracer through the 
endothelium (Figure 55).  
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However, the tracer could not be detected under sheared cells. After further analysis 
of the soluble elastin/collagen gel assay, it was determined that the soluble elastin leaked out 
of the collagen matrix over time and thus the EBD had little to no elastin to bind to once the 
tracer had permeated the monolayer. This section describes the continuation of the work to 
investigate the possibility of utilising insoluble elastin to create the matrix. 
 
Figure 55 Confocal image representing a monolayer of cells grown on collagen and 
soluble elastin gel after the application of EBD-albumin tracer. a) Confocal image of 
collagen/elastin assay after the application of EBD-albumin tracer without cells. b) Phase 
contrast image of collage/elastin assay without cells. c) Confocal image of a monolayer 
cultured under static conditions after the application of EBD-albumin tracer. d) Phase 
contrast image of monolayer cultured under static conditions after the application of EBD-
albumin tracer. Image suggests transcelluar and paracellular transport of the tracer. Bar = 200 
μm 
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4.3.2 Methods 
The collagen gel with insoluble elastin (Sigma) was prepared under aseptic conditions in 6-
well plates as follows; 8 mL of Purecol (3mg/mL Type I bovine collagen solution, Advanced 
BioMatrix) was mixed with 250 mg of insoluble elastin (Sigma). The Purecol/Elastin solution 
was then mixed with 1 mL of 10X PBS. The pH of the solution was adjusted to 7.2-7.6 by 
dropwise addition of a 0.1 M solution of NaOH. The resulting collagen solution was then 
pipetted into the wells of a 6-well plate (1 mL for each well) and placed in an incubator at 37 ̊ 
C for 24 hours to polymerize. PAECs at passage two were then seeded on to the gels at a 
density of 250,000 cells per well and cultured with the culture medium being replaced every 
2-3 days. Once confluent, one plate was cultured under static conditions whilst another plate 
was cultured on an orbital shaker for a week.  
To measure spatially resolved permeability of the monolayer, a tracer solution was 
prepared using a 4% albumin solution in PBS and 5 mg/mL of Evans blue dye. The medium 
in the wells was removed and 1 mL of the EBD-labelled albumin solution was applied to 
each well. Cells that were exposed to shear were returned to the orbital shaker and cells that 
were cultured under static conditions were incubated, for five minutes. After the incubation, 
EBD solution was removed, the well was washed with PBS four times, and the cells were 
fixed with 4% paraformaldehyde for 15 minutes and then washed twice with PBS. The wells 
were then imaged using a digital camera (Sony) and the cell nuclei were stained with acridine 
orange for 30 minutes and imaged using the confocal microscope.  
The images taken with the digital camera were analysed using Matlab. The images 
were converted to grayscale, inverted and a circular mask was applied to the wells. The 
average pixel intensity within the masks were then calculated to obtain a measure of the 
average permeability in the wells (Figure 56). 
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Figure 56 Example of a digital photo of EBD permeability assay and the image of the 
post processed the photo.  
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4.3.3 Results 
Attempts at obtaining confocal images cultured on the collagen/insoluble gel were 
unsuccessful due to the thickness of the collagen gel and the insoluble elastin particles. Both 
sheared and static cultures of the PAEC monolayers produced irregular patches of increased 
EBD-albumin transport (Figure 57). Processed images of the sheared and static cultures of 
PAEC monolayers did reveal the mean intensity of pixels for sheared cells to be lower 
compared to the monolayers cultured without shear, as shown in Figure 58. However, the 
difference in the means was not statistically significant (p>0.05). Furthermore, the collagen 
gel formed a meniscus when polymerized which was caused by the surface tension of the gel 
at the walls of the well. 
 
Figure 57 Original images of the EBD experiments. First column represents where EBD 
has permeated through the sheared endothelium, second column represents the location of 
EBD transport under static conditions and the final column shows the distribution of EBD 
bound when there were no cells 
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Figure 58 Mean endothelial monolayer permeability to EBD labelled albumin 
monolayers cultured under static conditions, sheared on the orbital shaker and 
equivalent data for cell free controls. Permeability is in arbitrary units and error bars 
represent standard deviations. N=3 wells 
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4.3.4 Discussion 
Evans blue dye is used as an intravital dye examine blood vessel permeability. Evans blue 
binds to albumin and under regular physiological conditions, most of the Evans blue bound 
albumin will be restricted within the blood vessels as little will cross the endothelium. 
However, some of the tracer, particularly under pathological conditions which compromise 
vascular integrity or in regions of enhanced permeability may pass through the endothelial 
monolayer and bind under the endothelium. The Evans blue under the endothelium can then 
be visually inspected or quantified by imaging extracted vessels using a transmitted light or 
fluorescence microscope (Caplan & Schwartz 1973). The Evans blue dye in the tissue sample 
can also be quantified by extracting the dye by incubating the samples with formamide and 
measuring the absorbance by spectrophotometry (Radu & Chernoff 2013).  
In this study, we attempted to develop an assay in which we could use Evans blue 
bound albumin to determine spatially resolved monolayer permeability in vitro. Our initial 
studies using assays created with collagen and soluble elastin were promising, with static 
monolayers exhibiting differences in permeability between cells. However, when the 
monolayers were sheared for seven days the elastin dissociated from the collagen gel. To 
improve on this method, we created a collagen/elastin gel using insoluble elastin. This 
allowed endothelial monolayer permeability to be assessed after shearing but resolution at the 
cellular level was not achievable.  
Attempts were made to cut out the gel to image it on a glass slide. However, the 
process was unsuccessful due to the fragile nature of the gel. Results did show a difference 
between static and sheared monolayers but the results were not statistically significant. This 
result could be due to a number of reasons. In our results section, we mentioned the 
observation of a meniscus forming due to the surface tension of the gel at the walls of the 
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well. This led the collagen/elastin gel to polymerise in a concave shape. This geometry would 
have affected the flow characteristics of the medium. Second, our PAECs were grown on 
collagen gels; the stiffness of the gel was most likely lower than culture ware plastic. The 
behaviour of cells adhered to soft materials can be different to those adhered to hard materials 
(Yeung et al. 2005). Furthermore, some molecular pathways are associated with 
mechanotransduction through actinmyosin cytoskeleton, adhesion structures of the cell and 
the substrate they are grown on. Different materials will transmit forces differently to cells 
(Kohn et al. 2015). The small variation in permeability between our static and sheared 
endothelial monolayer permeability may have been due to the combination of flow 
characteristics and the substrate. Finally, the patchy nature of the bound EBD shown in the 
cell free control assays suggest that there were irregular concentrations of elastin in the 
collagen gel. 
In conclusion, a method which was initially developed to determine spatially resolved 
permeability of albumin at the cellular resolution, although not successful, has shown a 
potential for further adaptation to investigate substrate stiffness in relation to permeability 
and possibly for different shear stress profiles. However, a method for combining collagen 
and elastin without the dissociation of the elastin will be essential and the geometry of the 
polymerised collagen/elastin gel will need to be determined by imaging the gel. 
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4.4 Development of a method for imaging intercellular junctions of PAEC 
monolayers using the focused ion beam scanning electron microscopy 
4.4.1 Introduction 
A focused ion beam scanning electron microscope (FIB-SEM) uses an ion beam to mill a 
certain area on a sample and image the milled face using a field emission electron gun. The 
imaged area can then be milled again followed by another scan to record an image. This 
process can be repeated to generate a sequence of images which can be processed to create a 
3D image of a sample. This method of obtaining images with the resolution normally 
associated with SEM images combined with the ability to obtain volumetric data from a 
sample without the need for expertise in serial sectioning for transmission electron 
microscopy (TEM) has normally been utilised in the semiconductor industry. However, there 
has been a steady increase in the application of the FIB-SEM to investigate biological 
problems.  
For our purposes, we wanted to develop a method to investigate the organisation of 
the cell borders at tricellular junctions of endothelial cells as information on these junctions 
of the endothelium is currently lacking, with the most recent publication dating back to 1984 
(Bundgaard 1984). Furthermore, we wanted to develop this method to apply to future 
investigations of how large macromolecules such as the Qdot 800-streptavidin pass through 
the endothelium. Quantum should be directly imaged by the FIB-SEM. In this section we 
describe a protocol to prepare a sample of cells and image them using the FIB-SEM. 
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4.4.2 Methods 
PAECs were cultured in one well of a 12-well plate under static conditions for a week and 
were fixed with 4% paraformaldehyde in PBS for 15 minutes. The primary fixative was 
removed and replaced with a secondary fixative of 1% osmium tetroxide and 1.5% potassium 
ferricyanide in 0.1 M sodium cacodylate (0.3g of potassium ferricyanide in 10ml of 0.2 M 
sodium cocadylate buffer mixed with 10 mL of 2% (wt/vol) osmium tetroxide) for one hour. 
The fixative was aspirated out followed up by three washes using 0.1 M sodium cacodylate 
solution.   
The sample was then dehydrated in an ascending series of ethanol (10-100%, 30 
minutes at each concentration). After the dehydration process, ethanol was removed and a 1 
mL solution of 3:1 ethanol and resin (Lowicryl resin) was applied to the well. The resin 
solution was left to infiltrate the sample for two hours at room temperature before it was 
replaced by a 2:1 solution of ethanol and resin for another two hours. This procedure was 
repeated with 1:1 and 1:2 solution followed by an application of pure resin overnight. The 
pure resin was changed again the following morning with a new pure solution of resin for 
four hours before being replaced with another solution of new pure resin for the final time for 
four hours. The sample was then passed on to Dr S. Bertazzo, Imperial College London, who 
finalised the protocol by removing the excess resin and curing the sample in an ultraviolet 
polymerization chamber. 
For the FIB-SEM imaging of the cells, the likely location of a tricellular junction was 
identified using the protruding nuclei of the cells as land marks (as shown by the white 
arrows in Figure 59). To initiate the scan, two trenches were milled with a length of 20 μm 
and a depth of 6 μm using an ion beam milling current of 600 pA. The area between the two 
trenches were scanned using a beam of 50 pA and detected using a backscattered detector 
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(slice thickness of 70 nm). Resulting images were set to have 20,000x magnification and 
resolution of 1024x768 (pixel size = 14.75 nm). Finally, the resulting images were compiled 
to create a 3D image of the cell to cell junctions. 
 
Figure 59  Low magnification image of two trenches milled in the monolayer. Protrusions 
from the surface were taken to be the nuclei of endothelial cells (represented by white 
arrows). Bar = 2 µm. 
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4.4.3 Results 
Our results were not adequate to form any conclusions about the structure of tricellular 
junctions. Results demonstrated the possibility of imaging the cells using the FIB-SEM with 
the ability to visualise a caveola and obtain 3D reconstructions of the cells borders (Figures 
60, 61 and 62).  
However, they highlighted more important issues which should be considered for 
future studies. The scanning time required for 365 slices was approximately 16 hours. Each 
slice had a thickness of 70 nm resulting in a distance of only 25.55 μm covered during the 
lengthy scanning time. Compromises between the scan time, resolution, slice thickness and 
the number of slices were made due to the exact location of the tricellular junction being 
unknown. 
 
Figure 60 Image produced by the back scattered electron detector of a PAEC at the 
start of milling by FIB-SEM. Bar = 1 µm. 
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Figure 61 Three-dimensional serial reconstruction of two endothelial borders. The black 
plane represents a slice from the serial scans. Bar = 1 µm. 
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Figure 62 FIB-SEM image a caveola visible on the lower surface of the cell (represented 
by a white arrow).  
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4.4.4 Discussion 
The combination of the SEM and focused ion beam technology has led to a useful tool to 
remove and reveal site-specific microstructures for investigation in detail, including 3D 
reconstruction of the structure. Unfortunately, our investigation only resulted in the 
confirmation of the technique and we did not accomplish our objective. However, we 
identified areas for improvement which will be discussed here.  
The greatest problem in our method was to image the tricellular junctions of the 
endothelial monolayer without establishing accurate locations. Our approach was to image an 
area between three cells using the nuclei as our landmarks and capture a tricellular region. 
However, the area was too large to mill and scan at high resolution in a reasonable time. To 
improve on this, we have identified the possibility of using the laser on the PALM 
MicroBeam microscope to establish the positions of the tricellular junctions. The PALM 
MicroBeam microscope is designed for microdissections of cells from different types of 
samples such as tissue or cells grown on glass slides. Cells of interest are identified from the 
sample, dissected using a laser beam and collected into a different container for analysis of 
gene expression and other properties.  
For our purposes, we would utilise the laser to mark a small region around tricellular 
junctions on the surface of the resin embedded cells using the microscope. This is possible as 
the set resin is clear and the resulting layer is very thin. Therefore, the sample allows light to 
transmit through the it, enabling visualisation of the cells using light microscopy. This would 
allow for a smaller area to be milled and scanned using the FIB-SEM. Therefore, the 
resolution could be increased per image slice allowing for accurate reconstruction of the 
junctions.  
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Once this has been established, our next goal will be to observe the transcytosis of the 
Qdots. Qdots are made up of cadmium selenide and zinc sulphide allowing for their detection 
using the back-scattered electron detector. The endothelial caveolae could also be examined 
in relation to the Qdots using the FIB-SEM. Laminar shear has been shown to increase the 
number of caveolae on the luminal side of endothelial cell compared to static cultures in vitro 
(Boyd et al. 2003)  but the effects of chronic multidirectional flow are unknown. Our 
Qdot800-Streptavidin permeability results in Chapter 3 section 3.3.2 suggests transcytosis is 
reduced by seven days of chronic shearing. This could be consistent with more caveolae 
being present on the luminal surface. Our results also revealed that multidirectional and 
uniaxial shear stress had similar effects on the permeability, suggesting transcellular transport 
of macromolecules through the endothelial monolayer are not affected by the directionality of 
shear stress vectors. However, this supposition requires confirmation. 
 In conclusion, understanding the relationship between transcellular transport and the 
flow will be important and utilising the FIB-SEM will be a useful tool to identify the cellular 
structures by which the Qdots and other molecules are transported. 
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Chapter 5 - General Discussion 
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The results described in this thesis demonstrate transport routes of macromolecules though 
the endothelial monolayer is dependent on the size of the macromolecule. Transport of 
molecules similar in size to albumin (FITC-avidin and FITC NeutrAvidin) passed though 
intercellular junctions of the endothelium. The accumulation of the tracer bound at the site of 
transport exhibited lines and spots. The lines were identified to be under bicellular junctions 
and spots were mostly visible near tricellular junctions. Macromolecules similar in size to 
small HDL (RPE-NeutrAvidin) were shown to bind under tricellular junctions. Finally, 
macromolecules comparable in size to small LDL molecules (Qdot 800-streptavidin) passed 
though the monolayer transcellularly. Qdot 800-streptavidin molecules bound underneath the 
cell leaving a shadow of the nucleus. 
We have presented the effects of multidirectional shear stress on monolayer 
properties. PAEC monolayer permeability to FITC-NeutrAvidn and RPE-NeutrAvidn were 
shown to be greatest at the centre of the well, where shear stress vectors uniformly rotated 
and monolayer permeability decreased towards the edge of the well where shear stress 
vectors became uniaxial. This suggested that multidirectional flow was disruptive for 
endothelial barrier function. Monolayer permeability to Qdot 800-streptavidin was shown to 
uniformly decrease throughout the well with shear stress, suggesting transcellular transport 
was not affected by multidirectional flow. However, we concluded with the possibility of 
soluble mediators may have been released by the cells at different locations of the well, 
which became well mixed due to the swirling of the medium and affecting the cells within the 
entire well. Interestingly, our radial decrease of permeability of FITC-NeutrAvidin and RPE-
NeutrAvidin did not correlate strongly with conventional shear stress metrics (TAWSS, OSI, 
MagMeanWSS and transWSS). We demonstrated that our permeability data strongly 
correlated with a new metric, the transWSSmin, which calculated the transverse WSS 
components that would result when the cells were aligned to minimise the shear stress along 
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their short axis. Modal orientations of the cells were also shown to closely follow the 
computed theoretical angles at which the cells must align to minimise the components of 
shear stress along their short axis. 
Identification of multidirectional shear stress as disruptive force to endothelial barrier 
function led us to investigate an additional factor; inflammation of the cell. Acute shear stress 
resulted in an increase in NF-κB p65 translocation and decreased with chronic shear. 
Monolayers which had been exposed to chronic shear had higher levels of NF-κB p65 outside 
the nucleus at the centre of the well. This observation led us to conclude that the cells at the 
centre of the well became primed. 
As mentioned in Chapter 1, the current consensus attributes the site specific formation 
of atherosclerotic lesions within the vasculature to low, oscillatory hemodynamic wall shear 
stress but a systematic review by Peiffer et al. has questioned the accuracy of the current 
theory (Peiffer et al. 2013b). Mohamied et al. showed TAWSS and OSI metrics did not 
strongly correlate with lesions located on aortic branches of rabbits whereas transWSS 
metrics showed significant correlation with lesion locations indicating that the 
multidirectional flow is atherogenic (Mohamied et al. 2015). Wang et al showed oscillatory 
flow perpendicular to the long axis of the cell to be atherogenic and parallel flow to be anti-
inflammatory highlighting the importance of the direction of flow (Wang et al. 2013b). 
Moreover, Bond et al reported the correlation of increased endothelial nuclei elongation with 
lesion prevalence signifying high magnitudes of shear stress was present on the vessel walls 
where lesions occurred, which was also inconsistent with current consensus (Bond et al., 
2011). The results from this thesis demonstrate the importance of multidirectional shear stress 
on monolayer properties and further questions the accuracy of the current low and oscillatory 
shear stress theory. However, more information is required on the effects of multidirectional 
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flow on the endothelium, a search on PubMed using ‘endothelial cell’ and ‘shear stress’ 
revealed 3693 papers. Including the word ‘disturbed’ revealed 176 papers and ‘oscillatory’ 
revealed 184 papers. When the word ‘multidirectional’ was included, the search revealed four 
papers; two were reviews and two were on shear stress metrics with three of the papers being 
released in the last three years. The search result underscores the current limited information 
on the effects of multidirectional flow on endothelial cells and further investigation will be 
important. 
 
 
 
 
 
 
 
 
 
 
 
 
163 
 
5.1 Future work 
The orbital shaker model has shown that the permeability of endothelial cells increases with 
multidirectional shear stress vectors whereas oscillatory uniaxial shear stress decreases 
permeability, compared to static controls for paracellular transport. However, the 
instantaneous wall shear stress magnitudes were different for the cells exposed to 
multidirectional shear stress vectors and for cells which were exposed to uniaxial shear stress 
vectors. In future investigations, we hope to apply similar shear stress magnitudes by altering 
the viscosity and the height of the medium or modifying the stage of the well, to control the 
shear stress magnitudes. For example, cells could be seeded only at the centre of a well and 
the effects of multidirectional flow with different shear stress magnitudes could be studied by 
controlling the depth of the medium. Furthermore, limiting the growth of the monolayer to a 
certain region in the well will reduce the possibility of soluble mediators released from 
different locations of the well effecting the results.  
The permeability of our PAEC monolayers to Qdot800 under applied shear stress 
showed no variation radially, utilising the method of limiting the growth of our endothelial 
monolayer to a specific area, we will investigate if there exists a difference in the transport of 
the tracer without the possibility of cells in one radial location affecting cells in another. If 
there is a change in the permeability, results from this would indicate the monolayers may 
communicate either by soluble mediators or via cell to cell connections to regulate the barrier 
function and would lead to further investigations to identify the regulator.  
Transport studies have shown HDL sized tracers are transported near three cell 
borders indicating these areas are leakier than bicellular junctions. The structure of these 
junctions is not well known therefore future studies will be done to establish using the FIB-
SEM with the improvements mentioned in chapter 4 section 4.4.4. Additionally, the transport 
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route of our Qdot800 tracer or a similar sized tracer will be established and imaged using the 
FIB-SEM in conjunction with in vitro experiments with inhibitors of transcellular transport 
such as LY294002, amiloride or wortmannin for micropinocytosis, dynasore for receptor 
mediated endocytosis and filipin for caveolae mediated endocytosis. 
Our investigations have shown the importance of transWSS for cell orientation (and 
nuclear orientation) of PAECs to complex shear stress characteristics. Results demonstrate 
the ability of the cells to not only sense the direction shear stress but also suggests endothelial 
cells orientate themselves to reduce the shear stress along their short axis. Future studies will 
investigate the effects of multidirectional shear stress on the organisation of actin filaments, 
microtubules and intermediate filaments, this will be important as not only does the 
cytoskeleton act as structural supports for the cell but are also known to transduce signals 
within the cell. Furthermore, the effects of multidirectional shear stress on endothelial 
monolayer cultured on different substrates will be investigated as integrins are important in 
the mechanosensing of shear stress (Shyy 2002b). 
In our investigations, PAECs at the centre of the well where no preferred alignment of 
the cells was observed, permeability was significantly increased compared to the rest of the 
well and NF-κB p65 priming of the endothelial cells were observed. Priming of the 
endothelium has been report by Hajra et al. in regions highly susceptible to lesion formation 
on mouse proximal mouse aortas (Hajra et al. 2000). It was reported that these regions were 
primed to respond to systemic activation as the cells in these regions became chronically 
inflamed due to chronic complex hemodynamics. The next step of will be to confirm the 
expression of adhesion molecules such as vascular cell adhesion molecule-1 (VCAM-1) and 
investigate the radial distribution of these molecules in response to multidirectional shear 
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stress. If chronic multidirectional flow is shown to upregulate adhesion molecules, it will 
further emphasise the pro-atherogenic nature of multidirectional shear stress. 
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